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Abstract 
 
The Unkar Group of the Grand Canyon Supergroup is one of the best-
preserved remnants of Mesoproterozoic sedimentary rocks in the southwestern 
United States.  It provides an exceptional record of intracratonic basin formation 
and associated tectonics kinematically compatible with protracted “Grenville-age” 
NW-directed shortening.  New U/Pb age determinations from tephra at the base of 
the Unkar Group date the onset of deposition at ca. 1254 Ma.  40Ar/39Ar K-
feldspar thermochronology in Grand Canyon indicates that basement rocks cooled 
through 150˚ C between about 1300 and 1250 Ma, refining exhumation rates of 
basement rocks just prior to Unkar deposition.  Abrupt thickness and facies 
changes in conglomerate and dolomite of the Bass Formation associated with NE-
striking monoclinal flexures indicate NW-directed syn-sedimentary contraction at 
about 1250 Ma.  A large disconformity (~75 m.y. duration) is inferred between 
lower and upper Unkar Group and is located below the upper Hakatai Shale as 
documented by detrital zircons.  A second style of Unkar Group deformation 
involved the development of half grabens and full grabens that record NE-SW 
 vii 
extension on NW-striking, high-angle normal faults.  Several observations 
indicate that NW-striking normal faulting was concurrent with upper Unkar 
deposition, mafic magmatism, and early Nankoweap deposition: 1) 
Intraformational faulting in the Bass Formation, 2) Intraformational faulting in the 
1.07 Ga (Rb/Sr date) Cardenas Basalt and lower Nankoweap Formation, 3) 
syntectonic relationships between Dox deposition and 1104 Ma (new Ar/Ar date) 
diabase intrusion, and 4) an angular unconformity between Unkar Group and 
Nankoweap strata.  The two tectonic phases affecting the Unkar Group (~1250 
Ma and ~1100 Ma) provide new insight into tectonics of southern Laurentia:  1) 
Laramide-style (monoclines) deformation in the continental interior at 1250 Ma 
records Grenville-age shortening; 2) 1.1 Ga detrital muscovite (Ar/Ar) and zircon 
(U/Pb) indicate that an Unkar Group source in the Grenville highlands during 
development of NW-striking extensional basins.  We conclude that far-field 
stresses related to Grenville orogenesis (NW shortening and orthogonal NE-SW 
extension) dominated the sedimentary and tectonic regime of southwestern 
Laurentia from 1.25 to 1.1 Ga.   
The dominant structural grains of the Ancestral Rockies and Laramide 
Rockies (N-S and NW-trending) represent the reactivation of Proterozoic fault 
systems that formed during regional intracratonic deformation in the 
Mesoproterozoic and Neoproterozoic. 40Ar/39Ar K-feldspar thermochronology 
provides a test of this hypothesis by resolving the thermal history of different 
crustal blocks in the 150°-300°C temperature range.   
 viii 
Sample traverses were made across the Ilse and Uncompahgre fault 
systems in southern Colorado. 40Ar/39Ar age spectrum analyses of K-feldspars 
across the N-S trace of the Ilse fault, Colorado, reveal significantly different age 
data and interpreted cooling histories. The contrasting age spectra are interpreted 
to record distinct thermal histories across the Ilse fault that reflect a complex 
reactivation history for the Ilse fault beginning in the Late Mesoproterozoic.  
Analyses from the Black Canyon and Unaweep Canyon areas of the 
Uncompahgre system show punctuated cooling ‘events’ at ~800 and ~600-500 
Ma that we infer to record episodic exhumation. The Laramide Red Rocks and 
Ute Indian faults separate crustal blocks with similar Proterozoic cooling 
histories, but Proterozoic movement on an ancestral Uncompahgre fault may 
explain differences in thermal histories between the Black Canyon and Unaweep 
Canyon areas. 
Overall, the data show different cooling histories at both regional and local 
scales.  At regional scale, samples record important cooling events that may 
represent periods of exhumation during 1) Grenville orogenesis (1200-1000 Ma), 
2) rifting of western Laurentia (800-700 Ma), 3) rifting of eastern Laurentia (600-
550 Ma- Oklahoma Aulocogen), and 4) Ancestral Rockies deformation (350-300 
Ma).  At more local scales, 40Ar/39Ar K-feldspar spectra appear to resolve 
disparate cooling paths across discrete faults and provide a powerful tool for 
evaluating whether fault segments of the Laramide network had Proterozoic 
ancestry. 
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Chapter 1 
Introduction 
 The Grand Canyon is one of the world’s premier geologic laboratories and 
reveals a unique picture of the ancient geologic past.  The Grand Canyon 
Supergroup, dominated by sedimentary rocks, preserves a record of a critical 
geologic time period between 1250 and 700 Ma for southwest Laurentia, allowing 
important first-order observations about this poorly represented time in the 
geologic record.  This rock record is incompletely preserved over much of the 
Southwest, making exposures such as those in the Grand Canyon so important. 
Perhaps one of the most visually striking geologic features in the 
southwest is the ‘Great Unconformity’, recognized by John Wesley Powell on his 
historic river trip down the Colorado River through the Grand Canyon in 1869.  
The maximum hiatus represented by this feature, some 1200-1400 Myr, (~1700-
510 Ma in Grand Canyon and ~1700-320 Ma in parts of Rocky Mountain region) 
is more than twice the duration of the Phanerozoic Eon.  By combining field-
based studies using mapping, sedimentology and stratigraphy in Grand Canyon 
with laboratory-based 40Ar/39Ar thermochronology, this author and collaborators 
provide fundamental insights into this time period.   
The focus of this dissertation is to better understand the structural history 
of the upper Mesoproterozoic Grand Canyon Unkar Group and the record of Late 
Mesoproterozoic intracratonic deformation and sedimentation in southwestern 
United States.  In addition, the dissertation focuses on the diachronous 
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exhumation history of middle crustal rocks as an intracratonic response to phases 
of plate margin tectonism during Late Precambrian and Phanerozoic time. 
This dissertation consists of three main chapters that represent independent papers 
that have been or will be submitted for publication. Collaborators in this effort 
include:  Karl Karlstrom (UNM, Project Coordinator), Matt Heizler (NMT, 
40Ar/39Ar thermochronology advisor), Laura Crossey (University of Mew Mexico, 
advisor) and John Bloch (University of New Mexico, shale petrology), George 
Gehrels (University of Arizona, U/Pb geochronology of detrital zircons), and Sam 
Bowring (Massachusetts Institute of Technology, U/Pb geochronology of tephra 
deposits).  Although this work is truly collaborative both in field and laboratory 
studies, the contributions of this author to the papers, and the integral role of his 
work and observations to other concurrent studies in the Supergroup, are 
emphasized in this introduction. 
 The five principal contributions by the senior author are summarized here.   
1) A new geologic map of the eastern Grand Canyon area has been made with 
new mapping from the Unkar Group.  2) Three new cross-sections accompany the 
new map and more accurately describe the structural and sedimentary 
observations made in the field.  3) Measured sections from parts of the Unkar 
Group are included in chapters and appendices and are all integral to conclusions 
presented in the map (Chapter 2) and the tectonic synthesis paper (Chapter 3). 4) 
As part of Chapter 3, the author conducted an extensive literature review of 
previous work on Upper Precambrian sedimentary sequences in North America 
and other continents to establish the latest correlation and tectonic framework of 
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the Upper Mesoproterozoic successions in the Southwest. 5) Finally, new K-
feldspar thermochronology in the Grand Canyon (Chapter 3) and southern 
Colorado (Chapter 4) further resolves the cooling histories of basement rocks in 
the Southwest in response to tectonic events in the Proterozoic and Phanerozoic. 
The main ideas presented in this dissertation originate from these fundamental 
field observations, laboratory analyses and background reading.   
 The new map of eastern Grand Canyon (Chapter 2) presents a 1:24,000-
scale compilation of 1:12,000 field mapping, and interpretation of 1:24,000 and 
1:48,000 air photos. All bedrock mapping was compiled and interpreted by this 
author (under advisement of Dr. Karl Karlstrom), Quaternary deposits were 
mapped by Dr. Joel Pederson and Matt Anders (Utah State University), and 
compiled by this author.  The first principal hypothesis presented in the first two 
chapters is that the Grand Canyon Supergroup records several separate 
extensional events, two during Unkar Group deposition (ca. 1250 and ca. 1150-
1000 Ma) and one during Chuar Group deposition between ca. 770-700 Ma.  
Although early workers recognized a ‘minor’ tectonic episode during Unkar 
deposition, its importance to the structural history of the Supergroup has been 
generally ignored.   
Previous workers attributed the tilting of the Supergroup strata to the Late 
Precambrian ‘Grand Canyon Revolution’ of Maxson (1961).  Sears (1973) 
recognized both extensional and contractional structures in the Unkar Group, but 
did not emphasize the structural importance of Late Mesoproterozoic versus 
Neoproterozoic deformation.  The Neoproterozoic deformation observed in Chuar 
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rocks was lumped with tilting of Unkar strata in what Elston (1979) called the 
‘Grand Canyon Orogeny’ or ‘Disturbance’ (Elston and McKee, 1982).  However, 
new mapping and field observations by this author have shown that a multi-phase 
extensional history better describes the field relationships.   
The second contribution in this dissertation combines the contractional 
monoclines and extensional faults first observed by Sears (1973) to a coherent 
tectonic model for early shortening followed by dominant orthogonal extension 
related to far in-board deformation during the Grenville orogeny in Unkar rocks.  
This model is based on mapping and measured sections by the senior author and 
field assistants, which demonstrates that: 1) Monocline development and 
sedimentation in the lower Unkar Group were synchronous and NE-directed 
shortening is kinematically and temporally linked to Grenville orogenesis.  2) 
Intraformational faults and other fault/sedimentary relationships indicate that the 
Unkar Group records NE-directed extension from about 1250 to 1000 Ma also 
compatible with Grenville orogenesis.  3) Combined stratigraphy, sedimentology 
and isotopic age determinations on ash fall tephras and detrital micas and zircons 
establish a likely provenance for the Unkar Group.  As the Grenville orogenic 
front reached a maximum of deformation between about 1250 and 1000 Ma, the 
continental interior responded by local rapid exhumation as recorded in the Grand 
Canyon, followed by broad sheets of detritus that accumulated in structurally 
controlled intracratonic basins.  Thus, the Unkar Group records a rich record of 
the complex intracratonic kinematic and depositional regimes within SW 
Laurentia during the protracted Grenville orogeny that was occurring to the south.  
 5
The observation that Phanerozoic monoclines reflect reactivated 
Proterozoic structures in the Grand Canyon have important implications for latest 
Cretaceous to early tertiary shortening and its affect on subsequent tectonism in 
the Colorado Plateau and surrounding regions, by recognizing two structural 
grains.  These may have been established in the late Proterozoic, and have 
persisted into the Phanerozoic.  The final chapter involves 40Ar/39Ar 
thermochronologic data to test whether Phanerozoic structural trends in the Rocky 
Mountain region share a common Proterozoic ancestry with rocks in Grand 
Canyon.  The key conclusions to come from this study are that different parts of 
the Rocky Mountain region record different cooling histories through the 
temperature window between about 300° and 150°C.  Common ages are found in 
all samples, suggesting that certain times in the Late Proterozoic were important 
to regional exhumation of basement rocks.  Samples record important cooling 
‘events’ that this author interprets as elevated exhumation rates at about 1100 Ma, 
800 Ma, and perhaps 600 Ma.  These ages are interpreted to reflect important, 
punctuated intracratonic responses to plate scale deformation associated with the 
assembly of the Rodinian supercontinent during the Grenville orogeny at 1100 
Ma and supercontinental rifting at about 800 Ma and perhaps at 600 Ma.  Some 
regions show evidence of cooling/exhumation in the Late Paleozoic, delineating 
regions that were uplifted during Ancestral Rockies deformation.  Some areas 
seem to record disparate cooling histories across a discrete fault, like the Ilse fault 
in the northern Wet Mountains, Colorado, also suggesting that differential 
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exhumation occured across discrete fault zones that have remained zones of 
deformation during episodic deformation in the Phanerozoic. 
 The principal contributions for this dissertation by the senior author 
include detailed mapping, structural work and 40Ar/39Ar thermochronology. 
Contributions made by the author’s collaborators have strengthened the final 
product by providing important age control (Heizler, Ar/Ar analysis of detrital 
micas; George Gehrels, detrital zircons; Sam Bowring, zircon geochronology).  A 
close collaboration and advisement on structural interpretation (Karlstrom), 
sedimentary context (John Bloch and Laura Crossey) is also recognized.  The 
collaborative work represented by this dissertation broadened the scope of the 
research. 
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Chapter 2 
Geologic Map of Eastern Grand Canyon, 1:24,000 
 
Introduction: 
 
 The geologic gap of eastern Grand Canyon includes ~ 670 km2 of 
northeastern Grand Canyon National Park, Kaibab National Forest, and Navajo 
Nation Reservation (plate 1,2).  It includes parts of the Point Imperial, 
Nankoweap Mesa, Walhalla Plateau, Cape Solitude, Cape Royal, and Desert 
View 7.5’ quadrangles.  The map area is located within the Colorado Plateau 
physiographic province and includes the Colorado River, the confluence of the 
Little Colorado River, the Chuar Valley, and numerous side-canyon tributaries of 
the Colorado River.   
 The map includes a section of the Colorado River from river mile 53 to 
mile 80 (measured from Lee’s Ferry at river mile 0) where the river descends 
from about 2800 ft to 2400 ft elevation.  Total relief in the area is about 3200 feet 
(975 m) in Marble Canyon, east of the East Kaibab monocline, and about 4800 
feet (1450 m) in the southwestern part of the map, west of the East Kaibab 
monocline.  The highest elevation on the map is on the Walhalla Plateau at about 
8490 ft (2588 m) elevation. 
 Rocks exposed in the area include Paleoproterozoic basement rocks of the 
Granite Gorge Metamorphic Suite (Hawkins et al., 1996; Ilg et al., 1996), the 
Grand Canyon Supergroup including Unkar and Chuar Groups (Dehler et al., 
2001; Timmons et al., 2001; Hendricks and Stevenson, 2003; Timmons et al., 
2003), relatively flat-lying and mildly deformed Paleozoic strata, and Quaternary 
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surficial deposits. Collectively the exposed geologic record is 1.75 G.y., most of 
the 1.84 billion year history recorded in Grand Canyon.  Of particular focus in this 
map is new mapping from the Grand Canyon Supergroup and the structures 
related to Supergroup deposition, deformation and preservation.  This map is the 
summary of more than 10 years of new geologic mapping, including work from 
three masters theses (Ilg, 1992; Timmons et al., 2001; Anders, 2002), and three 
PhD dissertations (Ilg, 1996; Dehler, 2001; Timmons, 2004).  It also includes 
previous mapping from several theses at NAU and from Huntoon et al. (1996) for 
areas not covered by the new thesis mapping.  Detailed new air photo 
interpretation was incorporated to modify Paleozoic contacts and structures in 
Paleozoic rocks. 
 
Paleoproterozoic basement: 
 Paleoproterozoic basement rocks are exposed in the southwestern part of 
the Eastern Grand Canyon map area, from river mile 77 to 80, which is the 
beginning of the Upper Granite Gorge. These rocks range in age from 1.75 to 1.68 
Ga (Hawkins et al., 1996) and are dominated by supracrustal rocks, including 
Rama, Brahma and Vishnu schists.  These lithologic units represent a complexly 
deformed succession of metasedimentary and metavolcanic rocks intruded by 
numerous granitic dikes and plutons. These rocks record the assembly and 
stabilization of juvenile continental crust in the Southwest during southward 
(present coordinates) growth of the Laurentian continent by the accretion of 
volcanic arc terranes (Hoffman, 1988; Karlstrom and Bowring, 1988).  
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Development of island-arc terranes in Grand Canyon took place between 1750 
and 1713Ma; these arcs were locally built on older 1.84 Ga arc crust (Ilg et al., 
1996).  These rocks experienced a complex interaction of deformation, 
metamorphism and plutonism at middle crustal levels (about 20 km depth) 
between 1.71 and 1.68 Ga (Hawkins et al., 1996). 
Following continental assembly, the Paleoproterozoic rocks stabilized and 
remained at middle crustal depths from 1.65 to 1.45 Ga.  In many areas of the 
Southwest, middle crustal Paleoproterozoic rocks were intruded by plutons at 
1.45-1.35 Ga (Anderson, 1983; Nyman et al., 1994).  Within the Grand Canyon, 
the 1.4 Ga thermal/tectonic event is represented by the 1.375 Ga Quartermaster 
granite in western Grand Canyon, and in Upper Granite Gorge, by 1.4 Ga by 
differential exhumation across discreet shear zones (Karlstrom et al., 1997).  
Within the field area, basement rocks cooled through and muscovite and biotite 
Ar closure temperatures of ~ 350 and ~ 300 C at 1.4 Ga, but remained at elevated 
temperatures (> 275° C) from 1.4 to 1.3 Ga, then experienced more rapid cooling 
at about 1300-1250 Ma (see chapter 3). 
 
Grand Canyon Supergroup—Unkar Group and Nankoweap Formation 
The Grand Canyon Supergroup is exposed as isolated fault-bounded 
remnants along the main stem of the Colorado River and its tributaries in Grand 
Canyon and rests nonconformably on basement metamorphic and igneous rocks 
of the Granite Gorge Metamorphic Suite.   The most extensive outcrops, including 
most type sections, are in the eastern Grand Canyon map area, where it is exposed 
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between mile 63 and 79. The Grand Canyon Supergroup is formally divided into 
the Upper Mesoproterozoic Unkar Group (1254-1100 Ma; (Timmons et al., in 
review) and Neoproterozoic Chuar Group (~800-742 Ma; Karlstrom, 2000).   
The unconformity-bounded Nankoweap Formation is between the two 
groups (~ 900 Ma based on paleomagnetic studies; Weil, in press).  The Sixtymile 
Formation caps the Chuar Group (Timmons et al., 2001), and all Proterozoic 
rocks are overlain in angular discordance (up to 15°) by Middle Cambrian Tapeats 
Sandstone.   
The 1.4 Ga thermal/tectonic event is interpreted to have been regionally 
important in driving the uplift and exhumation of middle crustal rocks prior to the 
deposition of the Mesoproterozoic sediments of the Grand Canyon Supergroup 
(and the Apache Group in south-central Arizona).  A new U-Pb date on an ash 
bed in the basal Unkar Group of 1254 Ma near mile 78 gives the age of deposition 
of the lower Unkar Group, and new 40Ar/39Ar detrital muscovite ages of about 
1150 Ma are interpreted to yield the maximum age of the upper Unkar Group. 
The 1254-1100 Ma Unkar Group is ~2100 m thick and consists of the 
Bass Formation, Hakatai Shale, Shinumo Sandstone, Dox Formation, and 
Cardenas Basalt (Elston, 1979; Hendricks and Stevenson, 2003).  The succession 
contains both fluvial and shallow-marine deposits, with one significant 
disconformity within or below the Hakatai.  In general, Unkar rocks dip northeast 
(10-30°) toward normal faults that dip 60° southwest (Sears, 1973).  This is 
shown, for example, at the Palisades fault in the southeastern part of the map area.  
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The base of the Unkar Group is marked by the Houtouta Member of the 
Bass Formation (Dalton, 1972), which is composed of conglomerate containing 
non-local basement, such as quartzite (Timmons et al., in review). Excellent 
exposures of this unit are present at river level near Hance Rapids (mile 77). The 
Bass Formation is a complex heterolithic package dominated by dolomite 
recording relatively low energy intertidal to supratidal depositional environments 
in a general transgressive sequence (Dalton, 1972; Beus et al., 1974; Hendricks 
and Stevenson, 1990).  The intercalations of dolomite and Houtouta 
conglomerate, and growth relationships of strata across Precambrian monoclines 
lead Timmons et al. (in review) to conclude that deposition and development of 
monocline networks were synchronous.  An example of a Precambrian monocline 
of Unkar-age is located within Red Canyon in the southeast part of the map. 
The Hakatai Shale (137-300 m) is a mudstone- to coarse sandstone -
dominated succession that appears to grade downward to the Bass Formation 
(Reed, 1976).  Mud cracks, ripple marks, tabular-planar cross bedding, salt casts, 
and tool marks, indicate shallow-water deposition, probably in a marginal 
marine/tidal flat environment (Reed, 1976).  Excellent sections are exposed at 
river level at mile 76.  
The Shinumo Sandstone rests unconformably on the Hakatai Formation.  
The predominant lithology in the Shinumo Sandstone is quartz arenite with 
common sub-arkose in the lower part of the formation.   The presence and 
abundance of very thick (meters to 10’s of meters) contorted beds located at river 
level in the vicinity of Nevills rapid at river mile 75 has been cited as evidence for 
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tectonic activity during Shinumo deposition (Sears, 1973; Daneker, 1975; 
Timmons et al., 2001).  However, the specific faults related to the local convolute 
beds are not identified. 
The Dox Formation is divided into the Escalante Creek, Solomon Temple, 
Comanche Point and Ochoa Point Members based on color changes and 
topographic expression (Stevenson, 1973).  Marker beds are generally absent with 
the exception of a convolute sandstone bed and a thin (30 cm) carbonate bed in 
the Comanche Point Member (Stevenson, 1973).  The formation represents a 
general transgression from marginal marine fluvial/deltaic facies to intertidal 
mudflat facies.  Member contacts are shown in the map and illustrate the general 
NE dip of bedding and magnitude of subordinate normal faults.  The contact 
between the Dox Formation and the Cardenas Basalt is gradational, in some 
places interfingering, and locally is baked indicating a continuous record from 
Dox to Cardenas time. 
Multiple flows of Cardenas Basalt are associated with extensive 
contemporaneous intrusive rocks, which include sills in the lower Unkar Group 
and dikes in the upper Unkar section.  Diabase sills are mapped within the Bass 
Formation in the southeastern part of the map.  Dikes are sparse in the area but are 
found in the map area and typically strike parallel to NW-striking faults in the 
Unkar Group.  
The Cardenas Basalt is unconformably overlain by the Nankoweap 
Formation.  Mapping in eastern Grand Canyon by Maxson (1961) introduced the 
name Nankoweap Formation from the type locality in Nankoweap Canyon in the 
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northern part of the map. It is also well exposed in the area of the Tanner Graben 
in the southeastern part of the map area.  The Nankoweap Formation is divided 
into two informal members (Elston and Scott, 1976).  The lower member is 
dominated by hematitic sandstone and mudstone and the upper member is 
composed of siltstone and thin bedded fine-grained red bed sandstones.   A 
capping white fine-grained quartz cemented quartz arenite marks the top of the 
formation. 
 
Mesoproterozoic deformational features: 
Both contractional features and extensional faults observed in Unkar rocks 
are interpreted to record penecontemporaneous NW-directed shortening and NE- 
directed extension.  Contractional faults that offset Unkar Group deposits are 
located in side canyons along the Colorado River including Red Canyon (mile 
77).  Unkar Group rocks in Vishnu, Bright Angel, and Bass Canyons are folded 
into monoclines that are NE-trending and NW-facing.  All monoclines have a 
stratigraphic separation less than 100 m and are beveled by upper Unkar or by 
Cambrian age Tapeats Sandstone.  NW-striking normal faults are seen in all 
Unkar-age rocks and detailed mapping and facies associations suggest that 
extension and deposition were synchronous (Timmons et al., in review). Key field 
relationships are found in the Tanner Graben and Palisades fault zone. New 
mapping indicates that the Unkar-age Palisades fault is crosscut by the Chuar-age 
Butte and Tanner graben fault system (Timmons et al., 2001). 
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Grand Canyon Supergroup—Chuar Group 
The Chuar Group unconformably overlies the Nankoweap Formation and 
records a distinct phase of renewed sedimentation and tectonism 200-300 million 
years after the Unkar Group.  The Chuar Group comprises approximately 1600 m 
of tilted and gently folded sedimentary rock exposed over about 50 km2 in 
tributary canyons of the Colorado River in the Chuar Valley.  The Chuar Group is 
bounded on the east by the Proterozoic-age Butte fault.  The angular 
unconformity beneath flat-lying Cambrian strata marks the northern and western 
limit of Chuar Group and Sixtymile Formation exposures.  The Chuar Group is 
divided into the Galeros and Kwagunt Formations, which are further divided into 
7 members (Ford and Breed, 1973; Elston and McKee, 1982).  The stratigraphic 
section is overwhelmingly fine grained, dominantly mudrocks (variegated) with 
important laterally continuous and correlatable marker beds of dolomite and 
sandstone that help define members and formations. In particular, the Carbon 
Canyon Member is a sandstone marker unit that forms the base of the Kwagunt 
Formation and crops out throughout the Chuar Valley as a ridge-forming unit.  
Formations and members are fully described by unit descriptions on Plate 2.  A 
date from a very thin tephra layer at the top of the Chuar Group on Nankoweap 
Butte in the northern part of Chuar Valley indicates deposition before 742 Ma 
(Karlstrom et al., 2000).  U-Th/Pb monazite dates and Ar-Ar marcasite from the 
lower and middle Chuar Group are in the range of 770-750 Ma (Williams et al., 
2003) such that the Chuar Group was deposited between ~770 and 742 Ma. 
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Neoproterozoic deformational features: 
The Butte fault is a north to northwest-striking, 60-70° west-dipping 
normal fault that truncates the east side of the Chuar Group for an exposed strike 
length of about 18 km (Plate 1). The cross sections show that this structure is the 
core of the east Kaibab monocline of Laramide age, which has about 300 m of 
Laramide west-side-up movement. After restoring Laramide slip, Proterozoic 
stratigraphic separation across the Butte fault is as much as 1800 m down-to-the-
west just north of the Palisades fault, where rocks of the lower Dox Formation are 
juxtaposed by rocks of the upper Chuar Group. This maximum Proterozoic 
stratigraphic separation combines the effects of both Butte fault and Palisades 
fault normal slip reflecting both Neoproterozoic and Neoproterozoic slip. 
The Chuar syncline is an open asymmetric fold defined by Chuar Group 
strata just west of and parallel to the Butte fault (Plate 1).  The east limb of the 
fold is defined by steeply dipping (75° to the west) Chuar strata and the west limb 
has bedding dips that are shallow to moderate (10-20°).  The axial plane of the 
syncline dips 60-70° to the east.  The hingeline is doubly plunging along the trace 
of the Butte fault (Plate 1).  The syncline marks a change in structural style up-
section above the Tanner graben.  Unkar Group rocks are tilted and faulted by 
NW-striking normal faults, in contrast, the Chuar Group is folded by a syncline 
that parallels the N-S trace of the Butte fault indicating separate deformational 
mechanisms and timing (Timmons et al., 2001).  Field observations and mapping 
show that the syncline tightens with structural depth, such that lower sedimentary 
horizons have steeper dips than upper horizons.  The syncline is doubly plunging 
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at multiple places in the map area, for example where it changes from south to 
north plunging across Kwagunt Canyon.  These observations indicate that 
deformation associated with the Butte fault and Chuar syncline were synchronous 
with sedimentation of the Chuar Group (Timmons et al., 2001).  None of the 
synclinal features can be observed in the overlying Paleozoic cover, indicating 
that the syncline is Neoproterozoic in age and clearly unrelated to reverse sense 
Laramide reactivation of the Butte fault (Plate 2). The N-S extensional features of 
the Chuar Group are interpreted to be related to the Neoproterozoic rifting of the 
western margin of Laurentia during breakup of the Rodinia supercontinent 
(Timmons et al., 2001). 
 
Grand Canyon Supergroup- Sixtymile Formation 
Capping the Chuar Group are rocks of the Sixtymile Formation.  The 
Sixtymile Formation is only preserved in four small areas in the axis of the Chuar 
syncline (Plate 1).  The top of the formation is unconformably overlain by the 
Middle Cambrian Tapeats sandstone, and so the original thickness, exceeding 
60m, is unknown.  The Sixtymile outcrops correspond to troughs in the Chuar 
syncline, where the most Chuar section is preserved beneath the Tapeats 
Sandstone.  The limited aerial exposure of the Sixtymile Formation limits our 
interpretation of whether the formation is also folded by the syncline; 
observations in Sixtymile Canyon suggest that the formation is homoclinally-
dipping gently toward the fault.  The dramatic incised fluvial channels at the top 
of the Sixtymile Formation, best exposed at Nankoweap Butte, and the change 
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from the dominantly marine units of the underlying Chuar Group may be related 
to onset of glacial conditions related to the Sturtian global glaciation about 723 
Ma (Timmons et al., 2001). 
 
Great Unconformity 
 The Great Unconformity (Powell, 1875) represents the nonconformity 
between the Cambrian Tapeats Sandstone (above) and Precambrian basement 
rocks (below), except where locally preserved Proterozoic sedimentary rocks 
form an angular unconformity below Cambrian-age deposits. The hiatus between 
the Tapeats and the underlying Sixtymile Formation near Nankoweap Butte is 
about 200 million years; the hiatus between the Tapeats the Dox Formation near 
Desert View is 600 million years, and the hiatus between the Tapeats and the 
underlying basement is about 1.2 billion years. One interesting observation seen 
in the map area and other parts of the Grand Canyon is that the Tapeats Sandstone 
and other Cambrian deposits bury a Proterozoic surface with moderate local 
relief.  Monadnocks in Grand Canyon are observed where upper Cambrian 
deposits (Muav Limestone) overlie basement or Supergroup rocks.  Within the 
map area the Tapeats preserves cannibalized Proterozoic clasts in basal beds, 
including softer clasts of mudstone.   
 
Paleozoic Rocks: 
 Paleozoic rocks in the map area are described in Plate 2 and record a 
prolonged period of marginal marine and coastal plain deposition in a region of 
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very low relief.  Rocks of the Cambrian-age Tapeats Sandstone, Bright Angel 
Shale, and Muav Limestone are classically associated with initial Paleozoic 
transgression of marine rocks into the western continental interior.  Rocks of 
Ordovician and Silurian age are not present in Grand Canyon reflecting global 
low sea level at this time. Thus, there is a ~150 m.y. hiatus along the 
disconformity between the Cambrian Muav Formation and Mississippian Redwall 
Formation. The unconformity-bounded Devonian-age Temple Butte Formation 
locally occurs as channel deposits along this contact in eastern Grand Canyon. 
The Mississippian Redwall Formation forms a thick (250 m) cliff former that 
defines the shear walls of Marble Canyon. The Pennsylvanian period, the time of 
Ancestral Rocky Mountain deformation, is represented in eastern Grand Canyon 
by the Watahomigi, Manakacha, and Wescogame Formations of the Supai Group, 
a series of mixed red sandstones and mudstones of shallow marine and fluvial 
origin. The Permian Period is represented by the upper Esplanade Formation of 
the Supai Group (cliff-forming sandstone), Hermit Shale (fluvial siltstones), 
Coconino Sandstone (eolian sandstone), Toroweap Formation (limestone and 
sandstone), and Kaibab Formation (marine limestone).  
 Mesozoic units were deposited in the Grand Canyon region, but have been 
largely removed by erosion, except for remnants of Triassic rocks such as at 
Cedar Mountain just east of the southeastern part of the map area.  Studies from 
nearby regions indicate that Mesozoic units reached thicknesses up to 2 km. 
Cretaceous rocks were deposited at sea level in this region, prior to regional 
surface uplift associated with the Laramide orogeny.  These thicknesses are 
 19
sufficient to explain apatite fission track ages of 80-50 Ma in lower Paleozoic 
rocks, which indicate that rocks of the eastern Grand Canyon region were at 
temperatures greater than 100 C in the Cretaceous and cooled at different times 
through 80°C depending on their position across Laramide monoclines and 
reverse faults (Kelley et al., in press).  
Phanerozoic deformational features 
Paleozoic rocks in the map area underwent deformation associated with 
the development of monoclines and associated thrust and strike slip faulting 
during the Laramide orogeny.  The main Laramide features are monoclines that 
reactivate older Proterozoic-age normal faults.  We infer that the Laramide 
reactivation of the Butte fault and formation of the East Kaibab monocline record 
northeast-directed horizontal shortening, with a dominant dip-slip component and 
a minor component of dextral strike-slip.  Because the Butte fault was a pre-
existing structure, the orientation of the Butte fault with respect to the regional 
shortening direction played a strong role in how deformation was accommodated 
across the structure.  Northwest-striking segments of the Butte fault show nearly 
pure dip slip; north-trending segments are oblique to the shortening direction and 
have more subsidiary strike-slip faults (Timmons et al., 2001). 
 Following the Laramide orogeny, the region underwent continued 
deposition in continental settings in the early Tertiary. Denudation of the 
Colorado Plateau probably began in the middle Tertiary (Pederson et al., 2002b) 
via erosional stripping of Mesozoic and Cenozoic rocks. 
Quaternary Deposits 
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 Deep incision of the landscape and formation of Grand Canyon by the 
Colorado River began during the late Cenozoic, although the timing and 
mechanism for the regional uplift that set the conditions for incision are debated 
(Lucchitta, 1979; Wolfe et al., 1998; Pederson et al., 2002b).  The drainage 
changes associated with the start of incision and the exact timing, rates, and direct 
drivers of river incision are likewise debated (Hamblin et al., 1981; Lucchitta, 
1989; Lucchitta et al., 2000; Fenton et al., 2001; Pederson et al., 2002a).  
Superimposed on the overall incision in eastern Grand Canyon are Quaternary 
hillslope, tributary stream, and the Colorado River deposits that represent 
relatively brief episodes of deposition.   
Most hillslopes in eastern Grand Canyon are presently bedrock 
escarpments thinly mantled by colluvium, but remnant deposits indicate that 
portions of these same hillslopes were previously buried under significant 
amounts of colluvium.  Linked to these hillslope deposits are five tributary fill 
terrace deposits that each represent a discrete episode of stream aggradation that 
buried valley-bottom topography, followed by incision (Anders, 2002).  Seven 
Colorado River fill terrace deposits have been identified that also represent 
discrete episodes of river aggradation and incision (Anders et al., in review).  
Parts of these were mapped and studied by previous workers as well (Machette 
and Rosholt, 1991; Lucchitta et al., 1995), and detailed work has been conducted 
on the Holocene record of the mainstem river (Hereford et al., 1996).   
 Surficial deposits in eastern Grand Canyon have yielded information about 
shorter term drainage responses to climate as well as longer term incision 
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(Pederson et al., in review).  Stratigraphic relations and optically stimulated 
luminescence (OSL), terrestrial cosmogenic nuclide (TCN), and U-Series dating 
collectively indicate that Colorado River terrace deposits are tens of thousands of 
years older than  hillslope and tributary stream deposits of similar height (Anders 
et al., in review).  A combination of age control and field evidence makes it 
possible to trace the elevation of the Colorado River in eastern Grand Canyon 
through time as it aggraded and incised during middle-late Quaternary climate 
cycles.  An incision rate of 142 m/my for eastern Grand Canyon over the last 385 
ka can be calculated using the trend of bedrock incision integrated over these 
cycles (Pederson et al., in review).   
   
Summary: 
 The eastern Grand Canyon records a long record of multiple sedimentary 
and deformational episodes that span nearly 1.7 billion years of time.  The record 
of sedimentation especially for the Late Proterozoic is unique in Grand Canyon 
and reflects distal sedimentary and tectonic responses to plate–boundary 
deformational episodes.  Mapping in this area lead to fundamental advances in 
our understanding of the growth and stabilization of the North American 
continent in the Proterozoic, intracratonic responses to plate tectonic scale forces 
during continental assembly and dismemberment, regional reactivation of 
Proterozoic structural features during Laramide shortening, and finally, the area 
preserved a detailed record of canyon incision related to integration of a regional 
river network in a tectonically active region. 
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Chapter 3 
Tectonic inferences from the ca. 1254 -1100 Ma Unkar Group and 
Nankoweap Formation, Grand Canyon: Intracratonic deformation and 
basin formation during protracted Grenville orogenesis 
I.  Abstract: 
 The Unkar Group of the Grand Canyon Supergroup is one of the best-
preserved remnants of Mesoproterozoic sedimentary rocks in the southwestern 
United States.  It provides an exceptional record of intracratonic basin formation 
and associated tectonics kinematically compatible with protracted “Grenville-age” 
NW-directed shortening.  New U/Pb age determinations from tephra at the base of 
the Unkar Group date the onset of deposition at ca. 1254 Ma.  40Ar/39Ar K-
feldspar thermochronology in Grand Canyon indicates that basement rocks cooled 
through 150˚ C between about 1300 and 1250 Ma, refining exhumation rates of 
basement rocks just prior to Unkar deposition.  Abrupt thickness and facies 
changes in conglomerate and dolomite of the Bass Formation associated with NE-
striking monoclinal flexures indicate NW-directed syn-sedimentary contraction at 
about 1250 Ma.  A large disconformity (~75 m.y. duration) is inferred between 
lower and upper Unkar Group and is located below the upper Hakatai Shale as 
documented by detrital zircons.  A second style of Unkar Group deformation 
involved the development of half grabens and full grabens that record NE-SW 
extension on NW-striking, high-angle normal faults.  Several observations 
indicate that NW-striking normal faulting was concurrent with upper Unkar 
deposition, mafic magmatism, and early Nankoweap deposition: 1) 
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Intraformational faulting in the Bass Formation, 2) Intraformational faulting in the 
1.07 Ga (Rb/Sr date) Cardenas Basalt and lower Nankoweap Formation, 3) 
syntectonic relationships between Dox deposition and 1104 Ma (new Ar/Ar date) 
diabase intrusion, and 4) an angular unconformity between Unkar Group and 
Nankoweap strata.  The two tectonic phases affectingthe Unkar Group (~1250 Ma 
and ~1100 Ma) provide new insight into tectonics of southern Laurentia:  1) 
Laramide-style (monoclines) deformation in the continental interior at 1250 Ma 
records Grenville-age shortening; 2) 1.1 Ga detrital muscovite (Ar/Ar) and zircon 
(U/Pb) indicate that an Unkar Group source in the Grenville highlands during 
development of NW-striking extensional basins.  We conclude that far-field 
stresses related to Grenville orogenesis (NW shortening and orthogonal NE-SW 
extension) dominated the sedimentary and tectonic regime of southwestern 
Laurentia from 1.25 to 1.1 Ga. 
II: Introduction: 
The Late Mesoproterozoic (1.3-1.0 Ga) was characterized by the 
development of orogenic belts worldwide that record the assembly of the 
supercontinent of Rodinia (Dalziel, 1991; Hoffman, 1991; Moores, 1991).  The 
Grenville orogen of NE Laurentia (Rivers et al., 2002) and the Texas Grenville 
(Mosher, 1998; Bickford et al., 2000) record protracted convergence along the 
“southern” (present coordinates) plate margin. The term ‘Grenville’ has been used 
in many ways, but here, we consider a broad interval of Grenville orogenesis 
recorded by island arc (1360 to 1232 Ma), and continent-continent (1150-1120 
Ma) collisions (Mosher, 1998; Rivers et al., 2002).  This protracted deformation 
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was the culminating events of a long-lived convergent/transpressional margin that 
persisted between 1.8 and 1.0 Ga (Karlstrom et al., 1999; Karlstrom et al., 2001). 
Modern examples of far-field intracratonic deformation (interior to 
orogenic belts) in response to plate-margin interaction include:  Lake Baikal, 
Tibetan Plateau, and upper and lower Rhine grabens (discussed below).  In each 
of these cases, deformation in the continental interior is driven by and 
kinematically linked with plate-margin deformation.  Ancient examples of far-
field intracratonic deformation in southwestern Laurentia associated with plate-
margin interaction have been proposed for several time periods, such that this 
region seems to be an exceptionally important laboratory for understanding 
intracratonic deformation.  Important examples include:  regional 1.4 Ga 
magmatism and deformation (Nyman et al., 1994; Kirby et al., 1995); 1.1 Ga 
intracratonic rifting in the mid-continent rift (Gordon and Hempton, 1986) and 
Central Basin platform (Adams and Keller, 1996); ca. 750 rifting of the 
continental interior ~200 km from the plate margin (Timmons et al., 2001); 
Ancestral Rocky Mountains (Kluth and Coney, 1981; Ye et al., 1996; McBride 
and Nelson, 1999); and Laramide orogeny (Hamilton, 1981; Bird, 1988; 
Livaccari, 1991; Erslev and Rogers, 1993; Humphreys, 1995).   
This paper examines the stratigraphic and structural record of intracratonic 
contractional and extensional tectonism and syntectonic sedimentation in the 
1.25-1.1 Ga Unkar Group and ~900 Ma Nankoweap Formation of the Grand 
Canyon. We recognize a complex interplay between syn-sedimentary 
contractional and extensional faults in the Unkar Group that demonstrates a 
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kinematic link to Grenville orogenesis (Fig 1).  We present new geochronology 
that improves our understanding of regional tectonic events and sedimentary 
patterns.  Finally, this paper illustrates contrasting responses to plate-scale 
contractional deformation from proximal deposits in the foreland to distal deposits 
hundreds of kilometers into the continental interior.  Combined with analysis of 
correlative units of the Apache Group of Arizona (Shride, 1967; Wrucke, 1989), 
Grenville deposits in West Texas, and Lower Pahrump Group of California 
(Prave, 1998), this study leads to a new paleogeographic understanding of 
southwestern Laurentia that may be useful for continued tests of conflicting 
Rodinia reconstructions (Brookfield, 1993; Dalziel, 1997; Karlstrom et al., 1999; 
Piper and Jiasheng, 1999; Sears and Price, 2000; Wingate et al., 2001). 
Background Grand Canyon geology: 
The Grand Canyon Supergroup is exposed as isolated fault-bounded 
remnants along the main stem of the Colorado River and its tributaries in Grand 
Canyon (Fig 2).  It rests nonconformably on basement metamorphic and igneous 
rocks of the Granite Gorge Metamorphic suite (Ilg et al., 1996).  The Grand 
Canyon Supergroup is formally divided into the Upper Mesoproterozoic (1254-
1100 Ma) Unkar Group and Neoproterozoic (~800-742 Ma) Chuar Group (Van 
Gundy, 1951).  The unconformity-bounded Nankoweap Formation separates the 
two groups.  The Sixtymile Formation caps the Chuar Group, and all  
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Figure 1: 1250-1100 Ma intracratonic structures and basins: 1.25-1.1 Ga 
sedimentary basins (gray), tectonic elements, and magmatic rocks (black) provide 
a record of assembly of Rodinia and inboard stresses related to Grenville 
convergence.  Light gray represents the area of inferred intracratonic seaway at 
ca. 1250 Ma that is hypothesized based on lithologic correlation of age equivalent 
carbonate sequences in the Southwest (Unkar, Apache, Castner, and Allamoore; 
located by stars).  Inset shows alternate Rodinia reconstructions: AUSMEX 
reconstruction (Wingate et al., 2001), AUSWUS (Brookfield, 1993; Karlstrom et 
al., 1999; Burrett and Berry, 2000), and SWEAT (Moores, 1991).  All ages are in 
billions of years.  Map modified from Timmons et al. 2001.
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Figure 2:  Generalized geologic map of eastern Grand Canyon showing outcrops 
of Precambrian rocks.  Neoproterozoic rocks of the Chuar Group record syn-
sedimentary movement of the Butte fault system.  Unkar-age rocks are preserved 
in grabens and half grabens bounded by northwest-striking normal faults.  Also 
shown are the locations of NE-striking Precambrian monoclines in the Unkar 
Group.  Laramide monoclines reactivated both NW and N-S structural trends.  
Also shown are locations for measured sections of the Bass Formation and sample 
locations for thermochronologic and geochronologic specimens presented in 
paper.
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Proterozoic rocks are overlain in angular discordance (up to 15°) by Middle 
Cambrian Tapeats Sandstone.   
The 1254-1100 Ma Unkar Group is ~2100 m thick and is divided into the 
Bass Formation, Hakatai Shale, Shinumo Sandstone, Dox Formation, and 
Cardenas Basalt (Fig 3; Elston, 1979; Hendricks and Stevenson, 1990).  The 
succession contains both fluvial and shallow-marine deposits, with one main 
disconformity within or below the Hakatai.  In general, Unkar rocks dip northeast 
(10-30°) toward normal faults that dip 60° southwest (Sears, 1990). 
John Wesley Powell (1875) first described the gently tilted strata along the 
river corridor. Walcott (1894) named the upper Chuar and lower Unkar Terranes.  
Noble (1914) divided the Unkar Group into five formations excluding the 
Cardenas Basalt, but the stratigraphy was later revised by Beus et al. (1974) to 
include the Cardenas ‘Lavas’ within the Unkar Group.  The use of the term 
Cardenas Lava(s) is well engrained in the literature (Hendricks and Stevenson, 
1990, 2003), however we prefer to use the term Cardenas Basalt after Larson et 
al. (Larson et al., 1994) as the preferred name for the voluminous basalt and 
basaltic andesite at the top of the Unkar Group.  Noble (1914), Sears (1973), and 
Timmons et al. (Timmons et al., 2001; Timmons et al., 2003) mapped the 
structures in the Unkar Group. Numerous workers conducted further stratigraphic 
studies of the formations of the Unkar Group (Beus et al., 1974) including 
unpublished MS theses that are summarized and updated below (Fig 3). 
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Figure 3:  Stratigraphic column of the Grand Canyon Supergroup showing 
geochronologic constraints and approximate ages (modified from Elston, 1989).   
Mafic intrusive rocks cross cutting rocks of the Unkar Group are commonly 
associated with Cardenas magmatism.  The 1600 m thick Chuar Group 
unconformably overlies the Nankoweap Formation and includes two main 
Formations, the Galeros and Kwagunt formations with 7 members and several key 
marker beds (Dehler et al., 2001).  Overlying the Chuar Group is the Sixtymile 
Formation.
a
Neoproterozoic Mesoproterozoic
Chuar Group
Unkar Group
Grand Canyon Supergroup
50
0 0
10
00
15
00
20
00
25
00
30
00
C
ar
de
na
s 
Ba
sa
lt
D
ox
  F
or
m
at
io
n
H
ak
at
ai
 S
ha
le
Ba
ss
 F
or
m
at
io
n
G
al
er
os
Fo
rm
at
io
n
Kw
ag
un
t
Fo
rm
at
io
n
N
an
ko
w
ea
p 
Fo
rm
at
io
n
H
ot
au
ta
  M
em
be
r
Sh
in
um
o 
Sa
nd
st
on
e
C
am
br
ia
n
G
ra
ni
te
 G
or
ge
 M
et
am
or
ph
ic
 S
ui
te
 a
nd
 G
ra
ni
to
id
s
To
nt
o 
G
ro
up
C
ar
bo
n 
Bu
tte
 M
em
be
r
Aw
at
ub
i M
em
be
r
W
al
co
tt 
M
em
be
r
Ta
nn
er
 M
em
be
r
D
up
pa
 M
em
be
r
C
ar
bo
n 
C
an
yo
n 
M
em
be
r
Ju
pi
te
r M
em
be
r
O
ch
oa
 P
oi
nt
 M
em
be
r
C
om
an
ch
e 
Po
in
t M
em
be
r
So
lo
m
an
 T
em
pl
e 
M
em
be
r
Es
ca
la
nt
e 
C
re
ek
 M
em
be
r
Si
xt
ym
ile
 F
or
m
at
io
n
.
ap
pr
ox
.
ag
es
 (M
a)
51
0-
~9
00
11
04
sa
nd
st
on
e
ba
sa
lt
co
ng
lo
m
er
at
e
sh
al
e 
an
d
si
lts
to
ne
lim
es
to
ne
an
d 
do
lo
m
ite
ca
. 1
10
0 
M
a 
di
ab
as
e 
si
lls
 u
nc
on
fo
rm
ity
as
h 
be
ds
co
nv
ol
ut
e 
be
dd
in
g
 c
ro
ss
 b
ed
s
Ex
pl
an
at
io
n
br
ec
ci
a
a
a a
18
42
~1
65
0-
35
00
40
00
s
st
ro
m
at
ol
ite
74
2-
(U
/P
b)
(in
fe
rre
d 
pm
ag
)
(A
r/A
r)
ap
pr
ox
.
th
ic
kn
es
s
12
54
(U
/P
b)
~7
50
~7
70
(A
r/A
r m
ar
c.
)
(U
/P
b 
m
on
z)
s
s
s
s
s
w
hi
te
re
d
<1
18
7
(U
/P
b 
D
Z)
<1
16
7
(U
/P
b 
D
Z)
<1
17
0
(U
/P
b 
D
Z)
32
 33
Synopsis of Unkar Group stratigraphy: 
Dalton (1972) described the Hotauta Conglomerate and Bass Limestone.  
He recognized the heterolithic composition of the Bass Limestone, and suggested 
that it should have formation status including the Hotauta Conglomerate as a 
member.  Dolomite dominates the Bass Formation, with subordinate 
conglomerate, breccia, sandstone, and mudstone (60-100 meters; Fig 4).  These 
intercalations and primary structures, such as wave rippled sandstone and 
mudcracked surfaces, indicate that Bass Formation deposition occurred during 
repeated subaerial exposure and flooding, and represents relatively low-energy 
intertidal to supratidal depositional environments in a general transgressive 
sequence (Dalton, 1972; Beus et al., 1974; Hendricks and Stevenson, 1990).  
White, very fine-grained tephra are interbedded with dolomite and mudstone, 
toward the base of the section.  One of these ash fall beds yielded zircons for 
U/Pb geochronology (see geochronology section).   
The Hotauta Member conglomerate at the base of the Bass Formation in 
eastern Grand Canyon contains more than 80% clasts of granite and quartzite that 
range from pebble to cobble size (Table 1).  Quartzite clasts have no local 
equivalents in the Grand Canyon indicating a distant source.  Granite clasts may 
be locally derived and mixed with quartzite clasts, or transported with quartzite 
clasts from a distant source.   Upper conglomerate beds and intraclastic breccias 
also indicate higher energy depositional environments alternating with low energy 
carbonate and mudstone deposition.  Clast composition and size in the upper 
conglomeratic units are similar to the basal Hotauta member, but with the addition  
 34
Figure 4:  Measured sections of the Bass Formation in Grand Canyon, including 
unpublished measured sections from Dalton (1972), marked by a D.  Some of the 
measured sections in this study repeat and confirm measured sections reported by 
Dalton (1972), and are highlighted by a T.  Measured sections show an overall 
thickening of the Bass Formation toward the west.  Abrupt thickness and facies 
changes are observed in Vishnu Canyon and record syn-sedimentary development 
of the Vishnu monocline.  Measured sections are keyed by numbers to Figure 2.
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of carbonate and siliciclastic clasts from the lower Bass Formation (~17.3 % of 
the conglomerate clasts, Table 1).  Interbedded breccias are composed exclusively 
of intraclastic material and thus are interpreted to be locally derived (Fig 4).  The 
recycling of carbonate, and perhaps clasts from basal conglomerates in eastern 
Grand Canyon, reflect localized uplift (by faulting) and erosion of lower units.   
The Hakatai Shale (137-300 m) is a mudstone- to coarse sandstone -
dominated package that appears to be in gradational contact with the Bass 
Formation (Reed, 1976).  The Hakatai Shale has been informally subdivided into 
three members.  The Hance Rapids member is dominated by thin-bedded 
subarkose to quartz arenite.  The middle member (Cheops Pyramid) is mostly 
mudstone.  The uppermost Stone Creek member is dominated by coarse arkose.  
The Hakatai Shale is more heterolithic than the name implies as it contains 
numerous sandstone beds.  Marker beds are generally absent in the section; 
however, two prominent sandstone markers (~0.5 m thick) are present about 30 m 
above the base.  Mud cracks, ripple marks, tabular-planar cross bedding, salt 
casts, and tool marks, indicate shallow-water deposition probably in a marginal-
marine/tidal-flat environment (Reed, 1976). 
The contact of the Hakatai Shale with the Shinumo Sandstone is sharp and 
locally truncates cross beds and channel forms, which suggests a hiatus (Daneker, 
1975).  The Shinumo Sandstone (syn. Shinumo Quartzite; 355-410 m) forms 
resistant cliffs composed of lower subarkose and upper quartz arenite and with 
subordinate interbedded mudstone (Daneker, 1975).  A basal lag of conglomerate 
contains basement clasts up to 5 cm across.  Like the Hotauta Conglomerate, the 
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basal conglomerate includes quartzite clasts that have no known equivalents in the 
Grand Canyon region.   
The Shinumo Sandstone is informally divided into the basal Surprise 
Valley, Ribbon Falls, Papago Creek, Cottonwood Camp, and 75-mile Rapid 
members from bottom to top.  The predominant rock type in the Shinumo 
Sandstone is quartz arenite, however, sub-arkose is more common in the Surprise 
Valley Member.  Sedimentary structures in sandstone beds are dominated by cm-
scale to m-scale planar-tabular cross stratification and trough crossbeds (Fig 5) 
that record bi-directional paleocurrent directions, commonly as herringbone 
crossbed sets.  Trough crossbeds suggest a more northerly transport direction and 
are more common near the top of the section and its contact with the Dox 
Formation.  Upper massive sandstone beds of the Shinumo contain dramatic 
convolute bedding.  The presence, abundance, and repetition of very thick (meters 
to 10’s of meters) contorted beds in upper beds has been cited as evidence for 
earthquake activity and fluid evulsion during Shinumo deposition (Sears, 1973; 
Daneker, 1975; Middleton and Blakey, 1998; Timmons et al., 2001).  The 
depositional environment proposed for the Shinumo is near-shore, marginal 
marine, fluvial/ deltaic (Daneker, 1975).  Sears (1973) reports that faulting during 
Shinumo deposition resulted in thickness changes across discrete fault zones.  
This conclusion was based on mapping in Bright Angel Canyon and a reported 
thickness change of about 61 m over 460 m distance across the Bright Angel 
monocline.   
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Figure 5:  Rose diagrams of paleocurrent indicators from a) planar tabular and 
trough cross stratification in the Shinumo Sandstone that preserve dominantly 
with transport towards ~350°.  Planar tabular beds suggest bi-polar current 
directions (to NE and SW) as suggested by herringbone cross-stratification in the 
field.  b) The Dox Formation yields a variety of paleocurrent indicators, including 
current ripples, planar tabular foresets, trough foresets and parting lineations.  
Both paleocurrent directions for parting lineations are plotted.  Palecurrents are 
strongly oriented to the NNW as suggested by trough cross-beds and supported by 
north directed parting lineations. 
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The contact between the Shinumo Sandstone and the Dox Formation is 
gradational and is marked by a change in topographic expression and color.  The 
transition also marks a striking upward gradation from quartz arenite to mudstone 
and very fine-grained sandstone.  The Dox Formation includes channel facies 
arkosic sandstone that represents fluvial deposition by a large river system, and 
hence a regression to fluvial/deltaic facies. 
The Dox Formation is divided into the Escalante Creek, Solomon Temple, 
Comanche Point and Ochoa Point Members based on color changes and 
topographic expression (Stevenson, 1973).  Marker beds are generally absent with 
the exception of: a zone of contorted bedding near the base that may suggest a 
continuation of Shinumo-age seismicity, and two beds in the Comanche Point 
Member including a convolute sandstone bed and a thin (30 cm) carbonate bed 
(Stevenson, 1973).   
The Dox Formation is interpreted here as a marginal marine deltaic to tidal 
flat sequence that records a regression from marine Shinumo followed by 
transgression within the Dox Formation.  Fluvial-dominated distributary channel 
deposits with unidirectional paleocurrent indicators dominate the base of the Dox 
section (Escalante Creek Member; Fig 5).  Upper members of the Dox Formation 
record the transition from channel sandstone beds in intrafluvial mudstones to thin 
bedded sheet sand deposits with wave-ripples that are mud-draped and mud-
cracked.  Uppermost beds are interpreted as tidal-dominated mud-flat facies. 
The contact between the Dox Formation and Cardenas Basalt shows 
interfingering of basalt flows with Ochoa Point sandstone and mudstone.  Small 
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folds and load structures beneath the basalt, and intraflow red-bed sandstone beds 
through the Cardenas section (Hendricks, 1972; Stevenson, 1973) suggest that 
basaltic volcanism was contemporaneous with red-bed deposition. 
 The Cardenas Basalt is approximately 300 m thick and consists of  >10-m-
thick flow units (Hendricks, 1972).  Three marker layers are described as informal 
members: the bottle-green member, fan-jointed member, and lapillite member 
(Lucchitta and Hendricks, 1983).  Hyaloclastite of the bottle-Green member is 
approximately 90 m thick, highly altered, and contains secondary chlorite, 
epidote, talc, and zeolites.  Basaltic andesite (~50 m thick) comprise the fan-
jointed member with porphyritic to aphanitic and vesicular textures (Hendricks 
and Lucchitta, 1974).  The lapillite member ranges in thickness from a few meters 
to several tens of meters thick and is composed of scoriaceous fragments (~10 
cm) and volcanic bombs (<1 m) in ash matrix, suggesting proximity to a vent 
(Lucchitta and Hendricks, 1983).  The lapillite member is interbedded in massive 
flows of basalt that comprise the remaining thickness of the Cardenas Basalt. 
 Intrusive rocks of the Unkar Group are similar in texture, mineralogy, and 
chemistry to the basalts suggesting that intrusive and extrusive rocks were coeval 
and shared a common source.  Intrusive rocks occur as dikes and sills within the 
Unkar Group with sills ranging in thickness from a few tens of meters to 300 m; 
dikes typically are much thinner and locally follow fault planes.  Extrusive rocks 
tend to be more silicic than extrusive rocks, however, the lower bottle-green 
member is compositionally very similar to intrusive rocks, suggesting some 
differentiation of the parent magma after emplacement of the sills and eruption of 
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lowermost flows (Lucchitta and Hendricks, 1983).  Unkar Group igneous rocks 
are correlated to similar mafic intrusions of similar age in the Southwest (Howard, 
1991). 
 Van Gundy (1937; 1951) first recognized the unconformity-bounded 
section of quartzitic sandstones and mudstones above the Cardenas and named the 
strata the Nankoweap Group, removing it from the Unkar Group of Noble (1914).  
Mapping in eastern Grand Canyon by Maxson (1961) introduced the name 
Nankoweap Formation.  Later workers divided the Nankoweap into two informal 
members including the lower ‘ferruginous’ member and upper member separated 
by a disconformity with 10’s of meters of relief (Elston and Scott, 1976) 
separating rocks with greatly differing paleomagnetic directions (Elston and Scott, 
1973).  The Nankoweap type section in Basalt Canyon measures about 100 m 
thick (Gebel, 1978).  The lower member is dominated by hematite cemented 
sandstone and siltstone with important lenses of lithic sandstone derived from the 
underlying Cardenas.  The upper member is composed of siltstone and thin 
bedded fine-grained red bed sandstones toward the base and more massive meter 
thick sandstone beds toward the top of the section.   The capping white sandstone 
is composed of a fine-grained quartz cemented quartz arenite.  Abundant 
sedimentary features are identified in the section and include planar tabular and 
trough cross bedding, ripple marks, mudcracks, soft sediment deformation, and 
rare salt casts (Gebel, 1978).  Combined, these features suggest that the 
Nankoweap Formation was deposited in a moderate to low-energy, shallow-water 
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environment, perhaps a structurally controlled marine or lake environment (Elston 
and Scott, 1976; Gebel, 1978). 
IV: Unkar Group thermochronology and geochronology: 
 The combination of a new U/Pb zircon age determination on an ash bed 
(direct date) and Ar/Ar dates on intrusive rocks (direct dates), with 
thermochronologic results from basement rocks and detrital grains (indirect dates) 
provide new constraints on geochronology of the Unkar Group.  Samples for 
U/Pb zircon dating were collected from suspected ash-fall deposits interbedded in 
the lower Bass Formation.  The samples were collected from very fine-grained 
(clay-sized) white horizons with no obvious sedimentary features to suggest 
transport of material.  Tephra are a few to several tens of centimeters thick, and 
are located in the lower half of most measured sections of the Bass Formation.  
Direct correlation of individual tephra beds in measured sections is not possible 
and suggests that these beds are discontinuous over the study area.  Seven small 
(<100 microns) clear-euhedral zircons were separated from sample K7-77.7-7.  
Three of the seven zircons clustered near concordia and four were discordant but 
yielded a precise upper intercept of 1253.6 ± 1.7 Ma (Fig 6).  We recognize the 
possibility that these grains represent inherited or detrital zircon grains based on 
the dominance of ca. 1250 Ma detrital zircons in the upper Unkar Group 
(discussed below).  However, based on regional lithologic correlations (see  
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Figure 6:  U-Pb data from a thin ash (K7-77.7-7) in lower Bass Limestone near 
Hance Mine, Grand Canyon. Zircons are small (<100 um) euhedral crystals.  
Seven analyses, including three that cluster near concordia, give a precise upper 
intercept date at 1254 ± 2 Ma interpreted as the age of the tuff. 
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discussion section), we interpret this age determination to reflect the depositional 
age of the lower Bass Formation.  
 40Ar/39Ar data from basement rocks are generally compatible with the 
tephra age, and suggest exhumation prior to Bass deposition.  Timmons et al. 
(2001) reported that the onset of Unkar Group deposition post-dated ca. 1250 Ma 
and final closure to argon loss in K-feldspar-bearing basement rocks.  40Ar/39Ar 
studies of K-feldspars show that individual feldspars contain multiple diffusion 
domain sizes, and thus have variable closure temperatures or retentivity (150° - 
325° C) dependent on domain size within a single grain (Lovera et al., 1989; 
McDougall and Harrison, 1999).  Because different diffusion domains in a K-
feldspar are closed to argon loss at different temperatures, single feldspar crystals 
can record a segment of the thermal history rather than a single point.  Smaller 
diffusion domains release argon at temperatures between 150° and 200° C, 
whereas the largest diffusion domains remain retentive at temperatures 
approaching 325° C. 
Metamorphic and igneous basement feldspars were collected along the 
river corridor to evaluate basement thermal history in Grand Canyon (Fig 2).  
Twelve K-feldspars were analyzed and their age spectra are given in Figure 71 
(Appendix 2 Table 1). The age spectra are typically complex and do not in all 
cases allow unambiguous age or thermal-history interpretations. Electron 
microprobe analyses of selected samples reveal variable degrees of alteration to 
                                                 
1 Details of the Methods used and age calculations for Ar/Ar Geochronology and 
Thermochronology are archived in appendix 1.  All tables for Ar/Ar geochronology and 
thermochronology, and tables for U/Pb detrital zircon analyses are found in appendix 2. 
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sericite and distinct albite/K-feldspar intergrowths at scales ranging from 
submicron to 10’s of microns. We attribute general age spectra complexity to this 
alteration.  
Many spectra reveal steep age gradients from about 600 to 1300 Ma 
during the initial 10% of 39Ar released and steep gradients are commonly 
followed by an age decrease or undulatory pattern for the middle part of the 
spectra (e.g. Fig 7a, b, e). Following the age decrease, or saddle part of the 
spectra, the ages rise during the final ca. 50% of gas release. Due to these 
complexities several samples cannot be used for Multiple Diffusion Domain 
modeling (Lovera et al., 1989).  The cause(s) for the initially old apparent ages 
followed by decreasing apparent ages are not well understood and it is suggested 
here to be primarily caused by 39Ar recoil and secondary alteration of the K-
feldspars. This spectrum pattern is also generated by models that mimic 
recrystallization of large diffusion domains below their closure temperatures 
(Lovera et al., 1997). Aside from the overall age spectrum complexity, some 
samples (Fig 7 a, c, i) have ages that are too young based on the 1254 Ma age 
from the Bass Formation.  If the ages were meaningful, these samples would 
suggest that the basement was at elevated temperatures (>200°C) during 
deposition of the Bass Formation.  This conclusion is not supported by geologic 
field observations.  Because these samples were collected below exposures of the 
Bass Formation they could not have been exhumed during or after Bass 
deposition (Fig 4).  For these samples the sericite alteration of the K-feldspars 
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presumably causes apparent ages that are geologically too young with respect to 
the inferred post Bass Formation thermal history. 
In contrast to samples that appear too young and/or too complex, samples 
K7-115-3, T02-98-14 and T02-98-16  (Fig 7 f, k, l) are considered to be well 
enough behaved to be used for MDD modeling. Results from MDD modeling for 
these samples are presented in Figure 8. Arrhenius plots (Figs 8d-f) are 
constructed using the fraction of 39Ar released and the laboratory-heating schedule  
with the assumption of a plane-sheet diffusion geometry. Of the three samples 
chosen for MDD modeling, sample T02-98-14 has initial diffusion coefficients 
that yield a well-defined linear array that suggest an activation energy (E) of 38.1 
kcal/mol (Fig 8e). The other spectra have poorly defined initial linear segments 
that are probably related to simultaneous degassing of several diffusion domains 
and/or slight alteration. We chose to model all the samples with a 38.1 kcal/mol E 
in order to facilitate sample comparison, but recognize that this is a poorly 
constrained assumption since it has been shown that K-feldspars can have a range 
of activation energies (McDougall and Harrison, 1999). The poor resolution of the 
E will primarily affect the absolute temperature of the thermal history and has 
very little affect on the cooling rates inferred from the models (Lovera et al., 
1997).  Log r/ro plots for each sample (Fig 8g-i) are constructed from the diffusion 
coefficients and reference Arrhenius Law (Lovera et al., 1991). Like nearly all K-
feldspars, the log r/ro plots reveal significant differences in diffusion domain sizes 
and volume fractions and also provide a means to better visualize the kinetic 
parameters relative to the Arrhenius plots because information about the amount  
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Figure 7: Age spectrum and K/Ca diagrams for basement K-feldspars along the 
Colorado River corridor. Variably complex spectra are attributed to different 
thermal histories, complex K-feldspar/albite intergrowths and degree of alteration 
to white mica. Horizontal line at 1254 Ma represents the age of the ash layer 
within the Bass Formation that unconformably overlies the basement. 
Intermediate parts of the age spectra that record ages younger than this are 
considered unreliable based on maximum post Bass deposition basement 
temperatures (<200°C) estimated from Supergroup stratigraphic thickness. Initial 
steep age gradients probably record heating to ca. 150°C during the 
Neoproterozoic burial history of the basement.  Samples are keyed to the map in 
Figure 2. 
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Figure 8: Multiple diffusion domain (MDD) results from the least complex 
basement K-feldspars. a-c are measured and model spectra, d-f are measured and 
model Arrhenius plots, g-i are measured and model log(r/ro) plots and j-l are 
contours of time-temperature history paths output by MDD analysis. The 
activation energy of the K-feldspars  (d-f) is estimated from the initial linear 
segment recorded by T02-98-14 and the reference Do/r2o is determined by forcing 
the reference line through the diffusion coefficient recorded by the first heating 
step.  Model thermal histories (j-l) indicate significant cooling between 1300 and 
1225 Ma and also suggest variable Neoproterozoic temperature maxima between 
ca. 100 and 150°C. Based on the overlying Bass Formation age of 1254 Ma 
(vertical line figures j-l) the models predict cooling that is too late for samples 
K7-115-3 and T02-98-16. This perhaps represents poor intercalibration between 
Ar/Ar and U/Pb methods and/or inaccuracy of apparent argon ages due to 
alteration of the K-feldspars. Sample T02-98-14 records a thermal history that is 
compatible with the Bass Formation age and indicates significant basement 
cooling, and presumably exhumation, between 1300 and 1270 Ma. 
50
100
150
200
250
300
350
400
K7-115-3
Te
m
pe
ra
tu
re
(C
)
0
50
100
150
200
250
300
350
400
T02-98-16
Te
m
pe
ra
tu
re
(C
)
0
600 800 1000 1200 1400
0
50
100
150
200
250
300
350
400
T02-98-14
Age (Ma)
600 800 1000 1200 1400
Age (Ma)
600 800 1000 1200 1400
Age (Ma)
Te
m
pe
ra
tu
re
(C
)
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
lo
g(
r/
r o
)
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
Ap
pa
re
n
tA
ge
(M
a
)
-10
-9
-8
-7
-6
-5
-4
-3
lo
g(
D
/r
2 )
s-
1
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
lo
g(
r/
r o
)
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
Ap
pa
re
n
tA
ge
(M
a
)
-9
-8
-7
-6
-5
-4
-3
lo
g(
D
/r
2 )
s-
1
0 20 40 60 80 100
Cumulative % 39Ar released
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
lo
g(
r/
r o
)
0 20 40 60 80 100
Cumulative % 39Ar released
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
Ap
pa
re
n
tA
ge
(M
a
)
6 7 8 9 10 11 12 13 14 15
10000/T(K)
-10
-9
-8
-7
-6
-5
-4
-3
lo
g(
D
/r
2 )
s-
1
a)
d)
e)
f )
g)
h)
i)
b)
c)
j) k) l)
Model
Measured
Reference
E=38.1 kcal/mol
Do/ro=4.3 /sec
2
Reference
E=38.1 kcal/mol
Do/ro=3.4 /sec
2
Reference
E=38.1 kcal/mol
Do/ro=3.0 /sec
2
K7-115-3
T02-98-14
T02-98-16
53
 54
of 39Ar represented by each diffusion coefficient can be represented on the log r/ro 
diagram.  Thermal histories (Fig 8j-l) are determined following the methods of  
Quidelleur (1997) and are constructed by forward modeling of the measured age 
spectra within the temperature range defined by the kinetic data. Model age 
spectra are shown along with the measured spectra in Figs. (8a, b, c).  
The derived thermal histories share several characteristics, but most 
fundamentally record cooling from about 250-300°C to below 150°C between 
1300 and 1225 Ma. For samples K7-115-3 and T02-98-16, the timing of cooling 
may be problematic with respect to the 1254 Ma zircon age on the ash layer 
within the Bass formation. Provided the zircon data faithfully record Bass 
deposition it is expected that the basement at the unconformity would have cooled 
prior to 1254 Ma. Two explanations for the timing problem could be poor 
intercalibration between the U/Pb and 40Ar/39Ar methods e.g. (Renne et al., 1998; 
Min et al., 2000) or using K-feldspars that are unsuitable for MDD analysis. We 
have tried to deal with intercalibration issues by adopting the latest suggested 
values for the total 40K decay constant (5.476e-10/a) and age of Fish Canyon 
sanidine (28.27 Ma) put forth by Kwon (2002), These values still require 
significant inspection, but are designed to close the observed gap between U/Pb 
ages and 40Ar/39Ar ages.  The fine-scale age spectrum complexity of the chosen 
K-feldspars may indicate caution with respect to highly rigorous treatment of the 
thermal histories. We suggest that the K-feldspar data record significant cooling 
within about a 10 to 50 Ma period prior to Bass deposition, but realize that this 
assertion requires further testing. 
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Another aspect of the K-feldspar data that may be geologically useful is 
the steep age gradients observed in the initial part of the age spectra (Fig 7). The 
MDD analysis predicts post 1100 Ma temperatures for the basement K-feldspars 
that are between about 100 and 150°C (Fig. 8i-l). Based on the burial history 
recorded by the supergroup sediments (~3.6 km) this temperature range would be 
expected. However, the timing of the maximum post-1100 Ma temperatures is 
variable and may reflect not only sediment accumulation, but also transient, 
perhaps fluid driven, temperature excursions. Significantly, more work is required 
to understand in detail the basement thermal history from 1254 Ma to deposition 
of the Cambrian Tapeats sandstone. 
Final deposition of Unkar strata is marked by voluminous basaltic and 
andesitic flows of the Cardenas Basalt, which are chemically similar to and likely 
synchronous with diabase intrusions within the lower Unkar Group (Hendricks 
and Lucchitta, 1974).  Elston and McKee (1982) reported an Rb/Sr age for whole-
rock samples of the Cardenas of 1070±70 Ma.  This age was refined by Larson et 
al. (1994) to 1103±66 Ma based on additional Rb/Sr data. New Ar-Ar data from 
two diabase sills yield precise ages that may also better constrain the timing of 
Cardenas activity (Fig 9; Appendix 2 Table 2). Both a hornblende and a biotite 
were dated from a diabase at Stone Creek (Fig 9a, b). H98-131.6-2 biotite, which 
grew within the contact metamorphic assemblage below the sill yields an overall 
flat age spectrum with initial ages slightly older than the plateau age of 1104±2 
Ma (Fig 9a). The hornblende (H98-131.6-4), which is a phenocryst phase within 
the sill, has a similar age spectrum, but the apparent plateau age is significantly 
 56
older at 1124±2 Ma (Fig 9b). Considering that the sill should cool quickly, we 
would expect these minerals to yield concordant apparent ages. Isochron analysis 
of the hornblende data indicates the possibility of excess 40Ar within the 
hornblende (Fig 9c). Steps D-L define a linear array that suggests an age of 
1115±4 Ma and an initial trapped argon component with a 40Ar/36Ar value of 
470±60 that is significantly higher than the atmospheric value of 295.5. This 
hornblende isochron age just overlaps with the biotite plateau age at 2 sigma and 
appears to support an excess argon problem for the hornblende. Our preferred 
interpretation for the Stone Creek sill age is given by the biotite result at 1104±2 
Ma.  
Biotite sample 98GC25 is from a sill located in Bass Canyon and yields a very 
complex age spectrum (Fig. 9d). The spectrum may be related to recoil 
redistribution of 39Ar during irradiation and we suggest that the total gas age of 
1114±1 Ma may record the intrusion age. This interpretation by itself would be of 
limited value, however the apparent age of ca. 1100 Ma is consistent with other 
sill ages and regional mafic magmatism at this time (Howard, 1991). 
Interestingly, K/Ar and Ar/Ar dates for the Cardenas Basalt span a wide 
interval, from 700 to 1090 Ma, and were postulated to reflect cooling during 
movement on the Butte fault, coincident with deposition of the Sixtymile 
Formation and “Grand Canyon orogeny” (Elston, 1979; Elston and McKee, 
1982).  However, Larson et al. (1994) suggested that the range in K/Ar dates 
represent apparent ages and are an artifact of an alteration/heating event at low 
temperatures, perhaps related to Neoproterozoic rifting (Timmons et al., 2001).   
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Figure 9:  a-c) Age spectrum and K/Ca diagrams for biotite and hornblende from 
Grand Canyon diabase sills. d) Isotope correlation diagram for hornblende sample 
H98-131.6-4. The hornblende and biotite from H98-131.6 yield flat spectra for 
greater than 90% of the 39Ar released, but have significantly different apparent 
ages. Isochron analysis of the hornblende suggests excess argon contamination for 
the hornblende and the preferred emplacement age of the H98-131.6 sill is given 
by the biotite at 1104.3±1.4 Ma. The complex biotite spectrum for 98GC25 is 
interpreted to result from 39Ar recoil and the total gas age of 1113.5±1.4 Ma is 
tentatively interpreted as the intrusion age. 
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Hence the designation of a Grand Canyon “orogeny” should be discontinued and 
replaced by the “Neoproterozoic (ca. 750 Ma) extensional episode” that includes 
all penecontemporaneous syn-tectonic deposits along Western Laurentia (Young 
et al., 1979; Elston and McKee, 1982; Ross et al., 1989; Ross, 1991; Prave, 1999). 
Geochronology of detrital grains provides another useful tool for 
evaluating the age of sedimentary units and yields some information about 
possible source terrains.  As part of a large effort to conduct detrital mineral age 
analyses from several samples within the Supergroup we present a relevant subset 
of both 40Ar/39Ar muscovite ages (Appendix 2, Table 3a, 3b) and U/Pb zircon 
ages (Appendix 2 Table 4) from selected units. Figure 10a presents a summary of 
total fusion and age spectrum plateau ages from muscovite single crystals from 
the Escalante Creek member of the Dox formation. Eighty-two grains yield ages 
ranging from ~1120 to 1260 Ma with a well-defined node at 1140 Ma. These 
overall young apparent ages are somewhat of a surprise given that the local 
metamorphic basement yields micas with apparent ages between 1400 and 1650 
Ma (Karlstrom et al., 1997). However, numerous samples from several units 
corroborate this finding and support the interpretation that the Dox Formation is 
younger than 1140 Ma. Based on the entire data set, and petrographic and 
microprobe examination, it is not likely these young muscovite grains represent 
alteration ages or ages that have been thermally affected by, for instance, 1.1 Ga 
magmatism or volcanism.  
Detrital zircon age analyses corroborate the mica results and show that 
much of the Unkar Group (excluding the Bass Formation) was deposited between 
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1100 and 1170 Ma. U-Pb geochronology of detrital zircons was conducted by 
laser ablation multicollector inductively coupled plasma mass spectrometry (LA-
MC-ICPMS), utilizing a Micromass Isoprobe and a New Wave DUV 193 laser 
ablation system.  The common Pb correction is made by using the measured 204Pb 
and assuming an initial Pb composition from (Stacey and Kramers, 1975).  Errors 
that propagate from the measurement of 206Pb/238U, 206Pb/207Pb, and 206Pb/204Pb, 
reported at the 1-sigma level.  Additional errors that affect all ages include 
uncertainties from (1) U decay constants, (2) the composition of common Pb 
(assumed to be ±1.0 for 206Pb/204Pb and ±0.3 for 207Pb/204Pb), and (3) calibration 
correction.  These systematic errors add an additional 2% (1-sigma) uncertainty to 
206Pb/238U and >1.4 Ga 206Pb/207Pb ages.   
One hundred zircon grains were analyzed from four samples from the 
Hakatai, Shinumo, Dox, and Nankoweap Formations (Fig 10).  48 analyses with 
>20% discordance or >10% reverse discordance have been eliminated from 
consideration, leaving 352 reliable ages. This subset of detrital zircon analyses 
yields minimum ages for samples that were determined from the lowest cluster of 
age determinations.  Sample LC-02-81-2 was collected from the upper Hakatai 
Formation and yielded 85 zircon grains for analysis.  The youngest cluster of ages 
suggests that the maximum age of deposition was about 1187 Ma (Fig 10b).  
Interestingly, this sample is dominated by zircons of Grenville age (1200-1350 
Ma) and appears to have little input from more proximal Paleoproterozoic and 
Early Mesoproterozoic crustal rocks.   
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Sample T01-75-4 from the Shinumo sandstone yielded 89 zircons 
representative of a more cosmopolitan source terrain.  The maximum age of 
deposition for the Shinumo is about 1176 Ma based on these analyses (Fig 10c).   
This sample contained zircons similar to the upper Hakatai sample and is 
interpreted to reflect continued input from Grenville age crust.  In addition, the 
Shinumo sample has abundant zircons that reflect proximal crustal ages, 
suggesting a mixed source.   
Sample T02-75-1z was collected from the Escalante Creek Member of the 
Dox Formation.  This sample contained 93 zircons for analysis and yielded a 
maximum age of about 1165 Ma, similar to the inferred maximum age of the 
Shinumo (Fig 10d).  This sample also contained numerous zircons of 
Paleoproterozoic and Early Mesoproterozoic (ca. 1.4 Ga and 1.6 –1.8 Ga) source 
rocks, but also contained significant numbers of zircons that are older than 
proximal crustal sources.  This implies that there has been recycling of old zircons 
from proximal supercrustal rocks or zircons have been transported from some 
distal older crustal block, presumably from the South based on paleocurrent 
analysis.   
Sample K00-53-3 was collected from the upper member of the 
Nankoweap Formation and yielded 85 zircons for analysis.  The zircons are 
considerably younger than the underlying Unkar Group and suggest a maximum 
age of about 949 Ma (Fig 10e).  This maximum age is probably conservatively 
old, and the actual age of the upper Nankoweap Formation may be closer to 
inferred ages of about 850-900 Ma determined from paleomagnetic studies  
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Figure 10:  A) Relative probability diagrams of 40Ar/39Ar muscovite age 
determinations from the Dox Formation.  40Ar/39Ar ages are determined from 
single crystal detrital muscovites from the Escalante Creek Member of the Dox 
Formation. Diagram combines 56 total fusion ages with 26 plateau ages from 
low-resolution step heating of single crystals. The step-heating data reveal that 
total gas ages are typically 0.8% younger than plateau ages and therefore all total 
fusion results have been increased by this percentage. The well-developed node at 
1140 Ma indicates that Dox deposition occurred post 1140 Ma, but prior to 
eruption of Cardenas lavas and intrusion of diabase (vertical line) at ca. 1115-
1104 Ma.  B-E) Combined concordia and relative probability plots of detrital 
zircons from Grand Canyon Unkar Group and Nankoweap Formation.  Zircons 
compliment detrital mica age determinations and also suggest a strong Grenville-
age source for sediment, as well as sources from expected 1450-1350, 1750-1650, 
and 1840 Ma local basement, and minor archean grains.   
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(Lucchitta and Hendricks, 1983; Weil et al., in press).  The lower Nankoweap 
Formation (ferruginous member) remains undated, and could potentially be older 
than 942 Ma depending on the duration of the hiatus separating lower and upper 
Nankoweap rocks. 
 
 
V:  Timing of Deformation in the Grand Canyon Supergroup: 
Sears (1973) recognized three main types of faulting in the Unkar Group: 
1) faults related to intrusion of ca. 1.1 Ga diabase, 2) faults related to regional 
shortening, and 3) faults related to extension and domino-style tilting of Unkar 
strata.  Like Elston (1979), Sears interpreted the tilting of Unkar strata on NW-
striking faults to coincide with the Late Precambrian ‘Grand Canyon Revolution’ 
of Maxson (1961).  Sears (1973) also described NE-striking, steeply dipping 
contractional faults that folded Unkar strata into monoclines.  These monoclines 
are clearly truncated by the Middle Cambrian Tapeats Sandstone indicating that 
these structures are also Precambrian in age, but the relative importance of the 
extensional and contractional faults was not well understood.   
More recent work in the Chuar and Unkar Groups (Timmons et al., 2001) 
has further refined our understanding of multiple, but punctuated episodes of 
deformation and sedimentation and led us to abandon the concept of a single 
Neoproterozoic Grand Canyon orogeny.  Instead, rocks of the Grand Canyon 
Supergroup record multiple extensional events separated by nearly 300 million 
years of geologic time (Timmons et al., 2001).  The details of the older, 1300-
1100 Ma, deformational events recorded in the Unkar Group, as presented in this 
 65
paper, suggest a regional tectonic response to progressive plate margin 
deformation in the Late Mesoproterozoic. 
 A:  Lower Unkar Group NW-SE contraction (1250 - >1140 Ma) 
 Contractional faults that offset Unkar Group deposits are located in side 
canyons along the Colorado River, including Red, Vishnu, Bright Angel, and 
Bass Canyons (Fig 2).  Unkar Group rocks in these locations are folded into 
monoclines that trend NE and face NW.   Monoclines in Vishnu and Bright Angel 
Canyons follow the structural grain of the Granite Gorge Metamorphic Suite, 
whereas in Bass Canyon the monocline crosscuts the metamorphic grain at high 
angles.  All monoclines have a stratigraphic separation less than 100 m and are 
beveled by upper Unkar or Tapeats strata. 
Field observations suggest that contractional faulting of the Unkar Group 
predates the 1.1 Ga magmatic activity in the area.  1) In Bright Angel Canyon, 1.1 
Ga dikes intrude along NE-striking reverse faults and feed sills within the Hakatai 
Shale, however, neither the sills nor the dikes appear to be offset by Precambrian 
contractional movement.  In Bass Canyon, mapping shows the monocline 
truncated by a large dike.  2) Precambrian reverse faults and monoclines are not 
observed to penetrate any deposits younger than the Shinumo Sandstone.  3) In 
Red Canyon, the monocline dies out in the Hakatai Shale, in Vishnu Canyon, the 
monocline diminishes within the Hakatai Shale, in Bright Angel Canyon the 
monocline penetrates the Shinumo Sandstone and is truncated by the Tapeats 
Sandstone, and in Bass Canyon the well-developed monocline in the Bass 
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Formation and Hakatai Shale is covered by undeformed Shinumo Sandstone (Fig 
2).   
Inspection of depositional patterns of the Bass Formation highlights 
unusual trends in facies and thickness distribution that suggest a complex 
interplay between deposition and tectonism.  The formation thickens to the west 
with important and abrupt thickness changes in Vishnu and Bright Angel Canyons 
that suggest syndepositional response to pre-existing relief on the basement 
surface due to contractional faulting and syn-sedimentary faulting (Fig 4).  The 
presence of conglomerate and breccia intimately interbedded with carbonate rocks 
of the Bass Formation suggests local relief, recycling of older carbonate beds, and 
possibly erosion of basement rocks during deposition.  Clast size and composition 
of conglomerate beds in the Bass Formation suggest high-energy transport of 
local and distal basement clasts prior to deposition of carbonate beds and 
recycling of lower carbonate and conglomerate beds during deposition of upper 
conglomerate lenses.  Field observations suggest that faulting plays some role in 
the development of relief between different crustal blocks that influenced 
depositional patterns and facies associations. 
Faulting during Bass deposition is documented by detailed mapping and 
measured sections.  In Red Canyon, a gentle monocline (30° dip in ramp) folds 
rocks of the Bass Formation and Hakatai Shale.  At this location, the fault does 
not penetrate exposed beds of the Bass Formation, however the trace of the 
monocline trends toward the northeast.  Siliciclastic beds of the upper Bass 
Formation preserve very gentle (10°) angular pinch-outs in the ramp of the 
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monocline (Fig 11).  Truncation surfaces are discrete and no lag deposits were 
observed in the section.  The pinch-outs are consistent with erosion of the 
hanging-wall block during progressive monocline development and burial of the 
disconformity by subsequent sedimentation.  
In Vishnu Canyon, deposits of the Bass Formation are observed to thin 
dramatically onto the hanging wall of the monocline (Fig 12).  The reverse fault 
clearly offsets the lowermost deposits of the Bass Formation (including Hotauta 
Member) with no obvious changes in thickness.  This is, however, not the case in 
the upper part of the section.  On the west, the section is thick, with multiple beds 
of conglomerate and sandstone.  Correlative beds on the east side of the fault lack 
similar thickness of conglomerate and sandstone, in fact, upper conglomerate beds 
thin to zero thickness and sandstone beds thin to a few cm thick (Fig 4).  
Furthermore, we observe soft sediment slump features and olistrosome deposits in 
associated carbonate and interbedded siliciclastic rocks over this same horizon 
(Fig 12 b,c).  Sedimentary horizons in the Bass and Hakatai above the attenuated 
section do not show similar thickness changes, suggesting a hiatus in faulting 
activity.  Beds above the disturbed zone are, however, also folded by the 
monocline, implying renewed Proterozoic movement that postdated these upper 
deposits.  The amplitude of the monocline diminishes into the Hakatai Shale and 
the Tapeats Sandstone ultimately truncates the structure.  Therefore movement 
across this structure took place during lower Bass deposition and again sometime 
between Hakatai and Tapeats time.   
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Figure 11:  Field photo of the ramp of a Precambrian monocline in Red Canyon.  
View is toward the NE and beds of the uppermost Bass Formation dip gently to 
the NW.  Sedimentary pinchouts of beds are observed indicating monoclinal 
development, and erosion of mildly deformed depositional surfaces was 
contemporaneous with deposition of the Bass Formation.  The observed thinning 
of beds and sedimentary pinchouts are interpreted to reflect little or no structural 
thinning.  All sedimentary facies show a thinning onto the monocline and the 
gentle dips suggest little structural modification.  This suggests that NW-directed 
shortening and deposition were synchronous. 
Truncated bedding
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Figure 12:  Field photos from Vishnu Canyon highlighting some of the features 
represented in Figure 4.  A) Sedimentary units in the Upper Bass Formation.  
View is oblique to the north and slightly oblique to the axis of the monocline.  
The upper conglomerate bed and associated sandstone thin from about 10 m thick 
to the left of the photo; to 0 m and 0.1 m thickness of conglomerate and sandstone 
(respectively) to the right of the photo.  Also shown are disturbed carbonate beds 
that abruptly end and are associated with a < 5 m thick bed of disturbed 
siliciclastic rocks (B).  The disturbed interval is bounded by intact beds of 
carbonate and siliciclastic rocks and contains numerous (m scale) blocks (C) that 
both disrupt bedding and exhibit soft sediment deformational features that suggest 
slumping of material from the SE. 
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In the Bass Canyon monocline, folding of bedding took place before 
Shinumo Sandstone deposition (Fig 2).  The Bass Formation is tightly folded into 
a NW-facing monocline with beds that are vertical to overturned.  Stratigraphic 
units within the Bass Formation are readily correlated across the structure and 
without changes in facies distribution or thickness (Fig 4), suggesting movement 
after deposition of the Bass Formation.  Farther up section in the Hakatai Shale to 
Shinumo contact, we observe a well-developed monocline with beds as steep as 
45° to the NW.  Overlying Shinumo beds are in fault contact with this monocline 
but show no evidence of folding, suggesting this monocline dies out in the upper 
Hakatai.  The monocline is also truncated by a NW-trending graben that 
juxtaposes undeformed diabase with overturned beds of the Bass Formation, 
further showing that the monocline predates 1100 Ma magmatism.  Collectively 
these observations suggest that this monocline developed after deposition of the 
Bass Formation and before final deposition of Shinumo sandstone. 
 The duration of contractile deformation remains difficult to determine.  
The apparent conformity of Dox with Shinumo deposition suggests that 
contraction was long-lived and lasted from at least 1250 Ma until about 1165 Ma 
(assuming little difference in age between Shinumo and Dox deposits). The 
absence of contractional faults in younger deposits does not preclude contraction 
during Dox or lower Nankoweap time, but the absence of any contractional 
movement after intrusion of diabase (some intrude along NE-striking reverse 
faults) suggests that shortening ended prior to magmatism. 
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B: Unkar Group NE-SW extension ~1250-1150 Ma 
The main extensional deformation that tilted Grand Canyon Supergroup 
strata before deposition of Cambrian-age Tapeats Formation is famous and long 
recognized (Powell, 1875; Walcott, 1889).  Unkar Group rocks are cut by 
Proterozoic normal faults of variable displacement that strike NW and commonly 
form full or half grabens (Fig 2).  Unkar Group strata generally dip northeast 
toward steeply southwest-dipping normal faults and form coherent ≤20°-dipping 
tilt blocks with half-graben geometries.   
The timing of this deformation has been variably interpreted as Late 
Neoproterozoic (Elston, 1979) and Late Mesoproterozoic (Sears, 1973).  Our data 
suggest that early extensional deformation overlapped with but was generally 
younger than contractional deformation and that the main tilting and normal 
faulting of the Unkar Group took place before deposition of the ~900 Ma upper 
Nankoweap Formation (Fig 3).  1) Mutually crosscutting relationships between 
normal faults and diabase sills and dikes (Sears, 1973) suggest that mafic 
magmatism at ca. 1.1 Ga overlapped in time with extensional faulting in the 
Unkar Group (Fig 13a).  2) There is a 3-5° angular unconformity between the 
Unkar Group and Nankoweap Formation (Gebel, 1978).  3)  Intraformational 
faults near the Palisades fault die out in the Cardenas basalt (Fig 13c), and 4) in 
the Tanner graben, several “Unkar age” normal faults die out up-section in the 
Nankoweap Formation (Gebel, 1978); Fig 13d).  Some of these observations are 
discussed below in more detail. 
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The Palisades fault is a key fault for deciphering pre-Chuar Group 
extension (Fig 2).  The fault strikes 310° and dips steeply to the southwest.  
Proterozoic stratigraphic separation across this structure is about 1100 m down-to-
the-southwest after about 300 m of Laramide reverse slip is restored.  Timmons et 
al. (2001) argued that the continuity of Butte fault hanging wall strata and 
discontinuity of Butte fault footwall strata across the Palisades fault indicate that 
the Palisades fault is truncated by the Butte fault and that faulting and tilting of 
Unkar Group rocks predated Butte fault movement and Chuar Group deposition.  
Corollary observations of intraformational faults subordinate to the Palisades 
structure (Fig 13c) and Basalt Canyon fault support the interpretation that 
faulting, igneous activity and sedimentation were intimately linked.  Post Unkar 
Group movement of the Palisades and other large extensional faults occurred to 
further tilt and ultimately structurally isolate Unkar outcrops.  Interestingly, the 
Neoproterozoic age Chuar Group does not share this same history of tilting and 
graben formation.  Rather, Chuar rocks record the development of a N-S trending 
Neoproterozoic growth syncline (Timmons et al., 2001).   
Extensional deformation in the Unkar Group has been difficult to 
determine, but may have begun early in Unkar time.  The Phantom graben (Fig 2) 
is a NW-striking symmetrical graben that juxtaposes rocks of the lower Unkar 
Group with basement metamorphic rocks.  The Bass Formation at this location 
exhibits unusual thickness and facies changes suggestive of syn-sedimentary 
faulting.  Figure 14 shows the Bass Formation through the lower Hakatai Shale 
bounded by faults that strike to the Northwest.  At the base of the section,  
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Figure 13:  Field photo mosaic showing important field relationships documenting 
syn-Unkar and Nankoweap faulting.  A) diabase sill that is both offset by and 
intrudes minor faults that parallel major Unkar age faults in the area indicating 
that intrusion of the diabase sill and normal faulting were concurrent.  B) 
Intraformational faults in the Tanner graben.  Subordinate faults offset Unkar 
rocks by 10s of meters; however, faults can be traced up section into the 
Nankoweap Formation where fault slip diminishes to zero.  These faults record 
Unkar-style deformation that postdates eruption of Unkar basalt but pre-dates 
deposition of the upper Nankoweap Formation and Chuar Group; view is toward 
the west.  C) Intraformational faults in Cardenas Basalt proximal to the Palisades 
fault.  Subordinate faults offset the Dox-Cardenas contact by about 10-20 m, and 
can be traced through the lower Cardenas, but do not offset a sandstone marker 
bed in the Cardenas, suggesting normal faulting and mafic magmatism were 
concurrent; view is toward the southeast.  D) Angular unconformity between the 
Cardenas Basalt and overlying Nankoweap Formation.  
30
00
, 6
5S
Ch
u
ar
 
G
ro
u
p
N
a
n
ko
w
e
a
p 
Fo
rm
a
tio
n
O
ch
o
a
 
Po
in
t,
D
ox Co
m
a
n
ch
e
Po
in
t, 
D
ox
D
ox
D
ox
Ca
rd
e
n
a
s
Ba
sa
lt
Ca
rd
e
n
a
s
Ta
pe
a
ts
Ch
u
a
r 
G
ro
u
p
N
a
n
ko
w
e
a
p 
Fo
rm
a
tio
n
Ca
rd
e
n
a
s 
Ba
sa
lt
Ta
pe
a
ts
Ca
rd
e
n
a
s
O
ch
oa
 
Po
in
t, 
Do
x
O
ch
o
a
Es
ca
la
n
te
 
Cr
e
e
k,
D
oxA
B
C
D
76
 77
Figure 14:  In Bright Angel Canyon near Phantom Creek, a NW striking graben 
preserves sedimentary rocks of the Bass Formation through lower Shinumo 
Sandstone.  Minor faults within the graben offset lower beds of the Bass 
Formation and are truncated by siliciclastic beds of the uppermost Bass Formation 
and lower Hakatai Shale.  Fault offsets at the base of the section are estimated at 
about 10-20 m.   This suggests that early faulting of the Bass included movement 
of NW striking faults in response to NE-SW extension. 
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competent beds of dolomite are offset by intraformational normal faults.  Fault 
offsets are estimated between 10 and 20 m of stratigraphic separation within the 
Bass Formation.  Siliciclastic beds of the upper Bass Formation are observed to be 
laterally continuous across the entire width of the graben suggesting a truncation 
of subordinate fault sets.  This suggests that contractional and extensional 
deformation were contemporaneous and records a single strain field during Bass 
deposition.  
 
C: Nankoweap-age extension (>949 Ma) 
In addition to ‘Unkar-age’ and ‘Chuar Age’ extensional events, evidence 
for extensional deformation is recorded by unconformities and intraformational 
faults in the Nankoweap Formation.  Elston and Scott (1976) and Link et al. 
(1993) reported a major unconformity within the Nankoweap Formation and 
suggest that faulting and erosion preceded deposition of the upper member of the 
Nankoweap Formation.  Intraformational normal faults within the Tanner graben 
are truncated by strata of the upper Nankoweap Formation and Chuar Group (Fig 
13d), suggesting extension during early phases of Nankoweap deposition.  
Adjacent to major faults, such as the one in Basalt Canyon, sedimentary beds 
pinch out against the fault.  Further, a coarse grained (5-10 mm clasts) lag deposit 
(< 1 cm thick) in the Nankoweap Formation in Basalt Canyon contains clasts of 
the underlying Cardenas Basalt and indicates exposure of the basalt (by faulting) 
during Nankoweap deposition.   
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Finally, the angular discordance where the Nankoweap Formation 
truncates beds of the Unkar Group indicates a period of faulting and rock tilting 
after eruptions of the Cardenas Basalt and prior to deposition of Nankoweap strata 
(Fig 13d).  Here the 3-5° angular discordance between the two rock packages 
accounts for part of the total 15° tilt preserved by Unkar deposits.  Extension 
recorded within the undated lower Nankoweap Formation seems be a continuation 
of Unkar-related extension, as supported by the similarity between red-beds in the 
Dox Formation, interflow red-beds in the Cardenas Basalt, and red-beds of the 
lower Nankoweap Formation (Elston, 1979).  The duration and tectonic 
importance of the disconformities below, within, and at the top of the Nankoweap 
Formation remain poorly understood. 
D: Fault Kinematics 
Orientations of normal faults in the Grand Canyon Supergroup are shown 
in Figure 15.  Normal faults in the Unkar Group and Chuar Group occur in two 
main populations that have northwest to north strikes and are steeply dipping.  
These faults are Precambrian in age because large offset normal faults can be 
traced to the Tapeats or older sedimentary unit contact where they are truncated, 
and in Phanerozoic rocks, faults of similar orientation preserve reverse sense of 
movement.  Both Unkar and Chuar groups show conjugate faults (Fig 15).  
Paleostress axes for Unkar fault planes record subvertical σ1, subhorizontal σ2 
that trends toward 306°, and subhorizontal σ3 that has a bearing of 037° (Fig 15).  
Chuar Group faults also record subvertical σ1, however, the orientation of 
σ2=334° and σ3=065° (Fig 15).  The difference in fault plane populations is  
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Figure 15: Lower hemisphere equal-area projection of minor faults in Unkar and 
Chuar Group strata, interpreted as Precambrian in age; shaded dots represent 
poles to fault planes of the Chuar Group and conjugate pair great circles (shaded) 
were picked by eye after 1% contouring of fault plane data (contouring not 
shown).  Stars show orientation of poles to fault planes in Unkar Group rocks.  
The averaged conjugate pair determined for the Unkar Group allowed calculation 
of principal axes for Unkar rocks (large stars).  Interestingly, fault planes in the 
Unkar Group overlap with Chuar Group data, however, after contouring, two 
distinct conjugate populations can be determined, suggesting faults were 
responding to different regional stresses. 
sigma1
sigma 2
sigma 3
n=201
Chuar faults:  n=45
Unkar faults: n=156
Chuar
Unkar
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interpreted as overprinting of Meso- and Neoproterozoic fault populations.  
Extension during Chuar deposition had shifted to E-W extension. 
 
VI. Regional Sedimentary and Tectonic Correlations: 
Our updated geochronology allows us to confirm and refine proposed 
regional correlations of Upper Mesoproterozoic sedimentary successions and 
extensional events.  Earlier attempts to correlate regionally dispersed sedimentary 
successions relied heavily on lithologic correlations and paleomagnetic 
evaluations of red-bed deposits and igneous rocks.  Link et al. (1993) reported 
that onset of Unkar deposition occurred at about 1250 Ma based on an 
interpolation of Bass Formation paleomagnetic pole in the 1300-1200 Ma North 
American APW path.  They also noted that paleomagnetic pole positions from the 
upper Unkar Group define a counterclockwise, NNE-elongated loop that 
resembles the loop defined by Keweenawan rocks of the midcontinent rift system 
(Halls, 1974; Pesonen and Halls, 1979).   
Lithologic correlations between the Apache Group and Unkar Group have 
long been postulated.  Shride (1967) suggested that the Mescal Limestone 
(including carbonate and overlying argillite member) and the Bass Formation and 
Hakatai Shale were regional correlatives.  He also recognized similarities between 
units of the Shinumo Sandstone and Troy ‘Quartzite’, including “curiously 
twisted and gnarled” beds observed by Powell (1875) and Noble (1914) in Grand 
Canyon similar to the Chediski Member of the Troy.  No lithologic correlations 
have been postulated between the Pioneer Shale and Dripping Spring Formations 
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in the Apache Group and Grand Canyon rocks.  Likewise, it has been suggested 
that the Dox has no depositional equivalents in the Apache Group (Shride, 1967; 
Wrucke, 1989). 
Further regional correlations between other Late Precambrian successions 
have been attempted.  Wrucke (1966), suggested that carbonate rocks of the 
Middle Crystal Spring Formation of the Pahrump Group correlate to the Bass and 
Mescal Formations in Arizona based on lithologic similarities and similar diabase 
intrusive relationships.  The correlations based on the combined data set 
(paleomagnetic and lithologic correlation) are largely supported by our 
geochronology from the Unkar Group. 
Our new geochronology indicates that sedimentary rocks over a large 
region of the Southwest were deposited synchronously and share a common 
sedimentologic and tectonic history.  We speculate that the depositional record of 
the Pioneer Shale and Dripping Spring Quartzite is closely related to the tectonic 
unroofing of the Grand Canyon region recorded by K-feldspar thermochronology.  
Rocks of the Pioneer and Dripping Spring formations record derivation of coarse 
clastics from some unknown northern basement source (Cullom, 1996).  Best 
estimates for the age of the Pioneer Formation come from detrital zircon studies 
and suggest that this section is about 1328 ± 5 Ma based on euhedral and clear 
zircons from a tuff or possibly a reworked tuff (Stewart et al., 2001).   
Rocks of the Allamoore Formation 1250 +20/-27 Ma, 1253 ± 15 Ma, 1256 
± 5 Ma, Castner Marble 1260 ± 20 Ma (Bickford et al., 2000), Bass Formation 
(1253.6 ± 1.7 Ma), Mescal Formation, and Debaca Group (Amarante, 2001) 
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appear to be age equivalents, contain numerous dolomitic/marble stromatolite-
bearing beds and have been interpreted to record shallow marine deposition (Fig 
4, 16) (Shride, 1967; Dalton, 1972; McConnell, 1975; Nyberg and Schopf, 1981; 
Pittenger et al., 1994).  We support the original correlation of Wrucke (1966; 
1989) of the Middle Crystal Spring Formation carbonate with other ca 1250 Ma 
carbonate sequences based on cross-cutting 1.08 Ga diabase (Heaman and 
Grotzinger, 1992), recognition of an unconformity between the middle and upper 
Crystal Spring Formation (Prave, 1998 / pers. comm.), and talc horizons that 
resemble the ash fall deposits in the Bass Formation. 
Current paleographic/depositional models suggest that the ‘pre-orogenic’ 
marine rocks in west Texas were deposited during island arc convergence in a 
back-arc, orogen-parallel, extensional setting (Rudnick, 1983; Pittenger et al., 
1994; Mosher, 1998).  Assuming that the 1254 Ma age of the Bass Formation is 
accurate, we argue that the regional distribution of ~1250 carbonates, with mixed 
siliciclastic beds (with shallow water indicators) and associated stromatolite beds, 
suggest deposition in shallow marine intertidal to subtidal conditions in a back 
arc-epicontinental seaway (Fig 1, 16).  The record of regional contraction at 1250 
Ma in Grand Canyon, however, may differ from the orogen-parallel extensional 
back-arc setting for West Texas carbonate successions.  Monoclines of the lower 
Unkar Group were developing during regional deposition of carbonate sequences 
and an apparent paucity of convergent deformation in west Texas deposits at 
about 1250 Ma.  As monoclinal development waned in the Grand Canyon region,  
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Figure 16: Correlation of Lower Mesoproterozoic and Neoproterozoic successions 
in the southwestern U.S. showing three main tectono-stratigraphic packages and 
unconformities.  1) 1350-1250 Ma intracratonic successions.  2) 1250-1100 Ma 
syntectonic intracratonic deposition.  3) ca. 900 Ma unconformity bounded 
sedimentary rocks, and 4) ~800-700 Ma syn-rift deposits (Dehler et al., 2001).   
Radiometric ages are cited in the text (figure modified after Link et al. (Link et 
al., 1993). 
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deformation was more pronounced during continent-continent phase convergence 
in younger deposits of the Tumbledown and Hazel Formations.   
New detrital mica and zircon ages provide a much better constraint on the 
timing of deposition of the Dox Formation than previous studies and allow 
correlation to other sequences in the Southwest.  The 1140-1104 Ma Dox 
Formation records the transition from shallow marine deposits of quartz arenite of 
the Shinumo Sandstone to fluvial-deltaic arkosic sandstones of the basal Dox 
Formation.  The transition is very abrupt (over 10 m), but illustrates a regression 
of the Shinumo sea and burial by fluvial/deltaic facies of the lower Dox.  
Sedimentary structures in the upper Shinumo Sandstone exhibit classic marine 
features such as herringbone cross-stratification and general bimodal paleocurrent 
directions (Fig 4).  The basal member of the Dox Formation is characterized by 
large-scale (10’s of meter wide) channel facies sandstone interbedded with 
intrafluvial mudstone.  The channel facies record a consistent paleocurrent 
direction (determined from trough bedding axes) toward the North that persisted 
into upper beds in the Dox (Fig 4).  We interpret the change in sandstone 
composition and change in depositional systems to reflect a fundamental 
reorganization of the paleogeography related to progressive Grenville contraction.   
Late Mesoproterozoic (1.2-1.1 Ga) age micas in basement rocks of the 
Southwest are rare.  Much of the Southwest records cooling histories that long 
predate deposition of the Dox Formation.  For instance, basement rocks in the 
Southwest record cooling through the mica closure temperature window by or 
soon after 1.4 Ga (Shaw et al., 1999).  The few exceptions include the 
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Uncompahgre Uplift (~1100 Ma; Timmons et al., 2002), small portions of central 
Arizona, and the core of the Grenville orogeny (Bickford et al., 2000).  Of the 
known 1100 Ma mica thermochronologic terranes, the Grenville front provides 
the most likely southern source for fluvial detritus of a single provenance during 
Dox deposition.  We conclude that the proximal facies of the Hazel Formation 
(Soegaard and Callahan, 1994; Bickford et al., 2000) in West Texas and the distal 
fluvial facies of the Dox Formation represent age equivalent deposits (Fig 16). 
This implies also, that by Dox time, there was no highland separating Unkar and 
Apache Group basins.  The Dox Formation records intracratonic deformation and 
transition of regional strain patterns from compression near the orogen to 
orthogonal extension in the continental interior.  The relative timing of 
contraction and extension in the Unkar Group suggest early NW directed 
shortening and coeval perpendicular extension followed by dominant NE-SW 
directed extension in latest Unkar time.  Similar relationships have been 
postulated closer to the orogen in the Central Basin Platform (Adams and Keller, 
1996), here, a preserved Phanerozoic-inverted Precambrian graben is present in 
subcrop.   
Several modern examples of collisional-perpendicular extensional basins 
exist that share many similar features to this ancient orogenic belt.  Mechanisms 
driving intracratonic deformation remain a topic of debate, however many 
workers have concluded that intracratonic rifting was a response to plate margin 
convergence.  The NE-trending Baikal rift has been interpreted as a passive rift in 
response to the Indo-Eurasian collision (Tapponnier and Molnar, 1979; 
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Hutchinson et al., 1992).  Another example includes the upper and lower Rhine 
grabens in Western Europe.  Following Sengor et al. (1978), many workers have 
refined the timing and kinematics of the Rhine graben and concluded that graben 
formation and Alpine tectonics were penecontemporaneous and kinematically 
linked (Larroque and Laurent, 1988; Laubscher, 2001). 
Temporally associated with Grenville orogenesis and regional deformation 
are widely dispersed mafic intrusive and extrusive igneous rocks (Fig 1, inset).  
Mafic igneous rocks span a broad interval in time, from about 1235 Ma in the 
Grenville of Ontario (Bethune, 1997), 1109-1087 Ma in the Mid-continent region 
(Van Schmus, 1992), 1165-1120 Ma in west Texas (Keller et al., 1989; Barnes et 
al., 1999), and new data indicate 1115-1104 Ma in Grand Canyon.  Mafic 
intrusions commonly occur as sills in both Mesoproterozoic sedimentary rocks 
and the crystalline basement in the southwestern United States, which lead 
Howard (1991) to postulate that sills record subvertical σ3 during NW-directed 
shortening.  NW-striking mafic dikes of Grenville age are also observed over 
much of Laurentia and are commonly associated with NW-striking rift zones and 
record NE-SW directed extension during orogenesis (Keller et al., 1989; Bethune, 
1997).  In Grand Canyon, both voluminous subhorizontal mafic sills and NW-
striking mafic dikes are observed suggesting a σ3 that is either subhorizontal and 
NE trending or subvertical.  We suggest that both σ2 and σ3 were sub-equal, with 
perhaps more local stresses controlling the orientation of σ2 and σ3.  Both 
structural relationships are compatible with NW directed shortening.  We further 
hypothesize that the occurrence of sills, commonly intruding sedimentary rocks, 
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records an upper crustal response to regional Grenville orogenesis.  Conversely, 
dikes of NW strike may dominate regions that were at deeper crustal levels during 
emplacement (Bethune, 1997). 
The extent of Grenville deformation in the continental interior becomes 
clearer when considering seemingly disparate data sets.  Laramide contraction in 
the southwestern United States reactivated a linked network that involved 
segments of late Mesoproterozoic and Neoproterozoic normal faults in Grand 
Canyon (Huntoon, 1971; Sears, 1973; Huntoon et al., 1996; Timmons et al., 
2001).  Marshak et al. (2000) and Timmons et al. (2001) argued that the strong 
northwest trend of faults observed over much of Laurentia: Grand Canyon, 
Central Basin Platform, Sudbury dikes, and Mackenzie dikes; cf. Fahrig and West 
(1986), records regional northeast extension, which overlaps in time with 
Grenville-age northwest-directed contraction.   
Further tests of ancestry of regional fault networks in the Colorado Plateau 
and Rocky Mountain region are underway via 40Ar/39Ar studies.  K-feldspar data 
document important cooling ‘events’ that may represent periods of exhumation 
during 1) Grenville orogenesis (1200-1100 Ma), 2) Late Precambrian rifting at 
800-700 Ma (western Cordillera) and perhaps 600-550Ma (Oklahoma Aulocogen 
trend), and 3) Ancestral Rockies deformation (ca. 350 Ma).  At more local scales, 
feldspars seem to resolve disparate cooling paths across discrete faults, suggesting 
that faults controlled exhumation of different crustal blocks at different times 
(Timmons et al., 2002).  The occurrence of a strong 1250-1100 Ma cooling trend 
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over much of the Rocky Mountain region and Grand Canyon suggest a dynamic 
response in the continental interior to Grenville orogenesis. 
VII:  Summary: 
The lower Unkar Group records contemporaneous contractional and 
extensional deformation and deposition.  NE-trending monoclines deform lower 
units of the Unkar Group and developed during sedimentation.  Mapping suggests 
that convergent structures deform only rocks of the lower Unkar Group and not 
upper Unkar Group or Chuar Group.  Hence, combined with sedimentologic 
evidence, structures are interpreted to be Late Mesoproterozoic in age.  The Unkar 
Group is also faulted and tilted by NW-striking normal faults that record NE-SW 
directed extension prior to Chuar Group deposition.  NE-directed extension was 
the dominant kinematic regime during late Unkar and early Nankoweap 
deposition.  Unkar Group deformation is temporally and kinematically linked to 
Grenville orogenesis.  In contrast, extensional deformation recorded in the ~800-
742 Ma Chuar Group record E-W directed extension related to the incipient 
rifting of the Western Cordillera of Laurentia, nearly 200 my after Unkar 
deformation and tilting (Timmons et al., 2001).  The terms Grand Canyon 
‘Revolution’ of Maxon (1961) and ‘Orogeny’ of Elston (1979) refer to a single 
extensional event, but there were at least two separate deformational episodes 
linked to supercontinent assembly (~1250 - >950 Ma) and rifting (~800-750 Ma). 
New geochronology confirms and refines published correlations for Late 
Mesoproterozoic rocks in the Southwest.  Carbonate rocks were deposited in an 
epicontinental seaway undergoing Laramide-style convergence in the continental 
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interior at about 1250 Ma.  Subcrop rocks of the Las Animas Formation, Central 
Basin Platform, and DeBaca Terrain correlate to exposed sections that include the 
Allamoore, Tumbledown, and Hazel Formations of West Texas, the Apache 
Group of central Arizona, the lower and middle Crystal Springs Formation of 
Death Valley California, and the Unkar Group of Grand Canyon.  Data from 
Grand Canyon indicate pulses of sedimentation with discrete episodes of 
tectonism associated with the evolving Grenville orogen from about 1250 to 1100 
Ma to perhaps to perhaps as young as 950 Ma, which probably also affected 
correlative rocks of the region.  
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Chapter 4 
Proterozoic and Paleozoic ancestry of Laramide fault networks: using 
40Ar/39Ar K-feldspar thermochronology to evaluate pre-Laramide 
cooling/exhumation histories across the Ilse and Uncompahgre fault systems 
in Colorado 
Abstract: 
The dominant structural grains of the Ancestral Rockies and Laramide 
Rockies (N-S and NW-trending) represent the reactivation of Proterozoic fault 
systems that formed during regional intracratonic deformation in the 
Mesoproterozoic and Neoproterozoic. 40Ar/39Ar K-feldspar thermochronology 
provides a test of this hypothesis by resolving the thermal history of different 
crustal blocks in the 150°-300°C temperature range.   
Sample traverses were made across the Ilse and Uncompahgre fault 
systems in southern Colorado. 40Ar/39Ar age spectrum analyses of K-feldspars 
across the N-S trace of the Ilse fault, Colorado, reveal significantly different age 
data and interpreted cooling histories. The contrasting age spectra are interpreted 
to record distinct thermal histories across the Ilse fault that reflect a complex 
reactivation history for the Ilse fault beginning in the Late Mesoproterozoic.  
Analyses from the Black Canyon and Unaweep Canyon areas of the 
Uncompahgre system show punctuated cooling ‘events’ at ~800 and ~600-500 
Ma that we infer to record episodic exhumation. The Laramide Red Rocks and 
Ute Indian faults separate crustal blocks with similar Proterozoic cooling 
histories, but Proterozoic movement on an ancestral Uncompahgre fault may 
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explain differences in thermal histories between the Black Canyon and Unaweep 
Canyon areas. 
Overall, the data show different cooling histories at both regional and local 
scales.  At regional scale, samples record important cooling events that may 
represent periods of exhumation during 1) Grenville orogenesis (1200-1000 Ma), 
2) rifting of western Laurentia (800-700 Ma), 3) rifting of eastern Laurentia (600-
550 Ma- Oklahoma Aulocogen), and 4) Ancestral Rockies deformation (350-300 
Ma).  At more local scales, 40Ar/39Ar K-feldspar spectra appear to resolve 
disparate cooling paths across discrete faults and provide a powerful tool for 
evaluating whether fault segments of the Laramide network had Proterozoic 
ancestry. 
Introduction: 
Phanerozoic regional intracratonic deformation in western North America 
during Ancestral Rockies and Laramide orogenies produced a characteristic 
structural style and pattern of fault-bounded uplifts and basins.  Hypotheses 
suggest that both Ancestral Rockies and Laramide basement-cored uplifts reflect 
the reactivation of a network of NW-SE, N-S, and NE-striking, pre-existing, 
steeply dipping faults in the upper crust (Fig. 17A; 18B (Marshak and Paulsen, 
1996; Karlstrom and Humphreys, 1998; Marshak et al., 2000; Timmons et al., 
2001).  The goal of this investigation is to test and further refine this hypothesis 
by documenting cooling histories using 40Ar/39Ar K-feldspar thermochronology 
across Ancestral Rocky Mountain and Laramide structures of the Colorado 
Plateau-Rocky Mountain (CP-RM) region.   
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The reactivation hypothesis was developed in part from excellent 
exposures in Grand Canyon. Here, there is an excellent record of interaction of 
sedimentation and tectonics of the Mesoproterozoic Unkar and Neoproterozoic 
Chuar groups (Timmons et al., 2001) that provide excellent timing control on 
Proterozoic fault slip on different fault segments, and unequivocal evidence that 
these faults were reactivated as Laramide monoclines (Walcott, 1889; Noble, 
1914; Maxson, 1961; Sears, 1973; Timmons et al., 2001).   This lead to the 
speculation that most Laramide monoclines and Rocky Mountain uplifts are 
reactivated Proterozoic normal faults (Huntoon, 1971) and hence the pattern of 
monoclines and Rocky Mountain structures can be used as a proxy for the original 
geometry of intracratonic extensional fault systems (Marshak et al., 2000; 
Timmons et al., 2001). For example, opposite verging monoclines, cored by 
oppositely dipping reverse faults that produce the characteristic flat-topped 
Laramide uplifts (Kaibab, Echo Cliffs, Circle Cliffs, San Rafael, Monument, 
Defiance, Zuni, Uncompahgre uplifts) may have formed over faults that were 
initially part of Proterozoic graben systems. The origin and geometry of Ancestral 
Rocky Mountain uplifts (such as Zuni and Uncompahgre uplifts) are inferred to 
be similar to Laramide structures (Ye et al., 1996).   
To test this hypothesis on a more regional basis, it is necessary to utilize 
tools to evaluate the Proterozoic component of fault slip within repeatedly 
reactivated fault networks.  Syn-tectonic Upper Precambrian sedimentary deposits 
in the Rocky Mountain area are generally absent due to greater depth of erosion 
than in Grand Canyon (Marshak et al., 2000). However, application of 40Ar/39Ar  
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Figure 17:  A) Illustrated are tectonic maps for North America at ca 1100 Ma, and 
800 Ma (B) showing distribution of Proterozoic sedimentary rocks, infered 
Proterozoic faults, and mafic dikes (after Timmons et al. 2001).  C) Regional map 
showing distribution of Proterozoic rocks, major Paleoproterozoic crustal 
boundaries (blue), and Phanerozoic faults with suspected Proterozoic ancestry 
(orange) after Karlstrom and Humphreys (1998).  The study areas are shown by: 
1) Ilse fault area, Northern Wet Mountains, and 2) Black Canyon/Unaweep 
Canyon.   
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K-feldspar thermochronology, including multiple diffusion domain (MDD) 
modeling (Lovera et al., 1989), to basement crystalline rocks may yield important 
new information on the history of differential exhumation of Proterozoic 
basement in the region, and potentially can identify discreet fault zones that 
separate crustal blocks with different cooling histories and hence different 
exhumation histories.  The purpose of this paper is to evaluate and apply this 
technique to assess pre-Phanerozoic movement histories (Proterozoic ancestry) on 
Laramide and Ancestral Rocky Mountain faults.   
 
Background on development of monoclinal uplifts in the Southwest   
Monoclines and uplifts are present at multiple scales in the CP-RM region 
(Fig. 17C). Monoclines can be hundreds of kilometers in length and can be 
segmented in plan view with abrupt bends along the trace of the fault.  Vertical 
displacement across individual monoclines can range up to hundreds of meters, 
but is much greater in the range-bounding Rocky Mountain uplifts. The pattern of 
monoclinal folds on the Colorado Plateau was described in detail by Kelley 
(1955), and summarized by Davis (1978).  At least three directional groupings of 
monocline trends are present, and include northwest, north, and northeast-striking 
segments and an anomalous E-W trend (Uinta Mountain trend).   
The systematic polyhedral pattern of monoclines has been cited as the 
hallmark of a pre-existing network of basement faults (Marshak et al., 2000).  
Some workers cite the collision of Gondwanaland with North America as the 
principal tectonic event responsible for Ancestral Rockies deformation (Kluth and 
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Coney, 1981), while others contend that arc collisions in southwestern Laurentia 
were accountable (Ye et al., 1996).  The principal Late Paleozoic uplifts include: 
Uncompahgre, Front Range, Central Kansas, Nemaha, Arbuckle Mountains, 
Amarillo, Central Basin Platform, Diablo Platform, Pedernal, Burro, Apishapa-
Sierra Grande, and Defiance uplifts (Kluth and Coney, 1981). 
The second deformational event that affected the CP-RM region occurred 
in the Late Cretaceous to early Tertiary and produced E-NE shortening of western 
North America during the Sevier-Laramide orogenies. The apparent shift from 
fold-thrust belt deformation near the margin to basement-cored uplifts in the 
continental interior has most often been attributed to the postulated shallowing 
and flat slab subduction of the Farallon plate beneath North America (Humphreys 
et al., 2003).  In contrast to the deformational style of the east-verging fold-thrust 
belt of the Sevier orogeny, the Laramide orogeny produced uplifts along deep-
seated reverse faults and subordinate thrust faults.  In addition, monoclines and 
uplifts in the CP-RM region exhibit variable facing directions (east, west, 
northeast, southwest, and subordinately northwest and southeast; i.e.: Grand 
Hogback, Defiance, and East Kaibab monoclines).  Some workers attribute these 
orientations to a changing or rotating of stress orientations through time (Wise, 
1958; Gries, 1990).  Other researchers postulate that this geometry reflects 
reactivations of pre-existing basement structure (Brown, 1988; Marshak et al., 
2000). 
 The body of circumstantial evidence indicating Precambrian ancestry of 
Phanerozoic trends continues to grow.  Seemingly disparate data sets indicate that 
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different structural trends can be linked to discrete Precambrian events.  A model 
for a pre-Pennsylvanian ancestry of NW structures is summarized in Fig. 17A, 
and include NW striking 1.1 Ga diabase dikes (Howard, 1991), 1.1 Ga syn-
depositional NW-striking normal faults (Unkar Group, (Timmons et al., 2001; 
Timmons et al., in review), 1.1 Ga Sudbury and Mackenzie Mountain dikes 
(Fahrig and West, 1986), and postulated inverted NW-striking Precambrian 
normal faults (Central Basin Platform, (Adams and Keller, 1996).  A model for 
pre-Pennsylvanian ancestry of N-S structures is supported by N-striking 
Neoproterozoic normal faults in the Grand Canyon region (i.e. Butte fault; Elston, 
1979; Timmons et al., 2001), which are temporally and kinematically linked to 
other rift sequences along the Cordilleran rift margin (i.e. Mackenzie Mountain 
Supergroup; Fig. 17B). However, a key test of this hypothesis requires additional 
evidence for the timing and geometry of Proterozoic slip on Rocky Mountain fault 
systems, as discussed below.    
  
40Ar/39Ar Methods 
This paper uses 40Ar/39Ar thermochronology to determine the thermal 
histories of crustal blocks separated by suspected Proterozoic faults.  40Ar/39Ar 
thermochronology studies using hornblende, biotite, and muscovite have been 
used to document basement cooling histories of crustal blocks in the southwest for 
the temperature range between about 500° and 300°C (i.e. Karlstrom et al., 1997; 
Shaw et al., 1999; Shaw et al., in press).  Typically (with important exceptions), 
these minerals yield dates greater than 1300 Ma; and therefore help define the 
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Meso- and Paleoproterozoic thermal history.  Apatite-fission-track studies that 
record the temperature history from 60° to 120° C have delineated cooling 
histories primarily restricted to post-100 Ma (Kelley and Chapin, in press).  Thus, 
the 40Ar/39Ar K-feldspar thermochronology range (300°-150° C) offers a critical 
thermochronologic interval for evaluating post 1300 Ma (< 300° C) and pre-mid-
Cretaceous (>100° C) tectonism. 
A:  Analytical Procedure: 
All samples were measured with a MAP-215-50 mass spectrometer 
equipped with a Johnston electron multiplier at the New Mexico Geochronology 
Research Laboratory.  K-feldspars from basement samples were step-heated in a 
double vacuum Mo resistance furnace. The furnace temperature was calibrated to 
± 15°C by melting copper foil.  Heating times for the K-feldspars were highly 
variable and are designed to maximize recovery of the diffusion coefficients and 
to resolve excess argon contamination by performing several isothermal replicate-
heating steps (discussed further below).   
Micas were step heated with a Synrad 50 W CO2..  Laser step heating of 
micas used a defocused beam with a heating time of typically 2 minutes. Gas was 
cleaned during heating and for an additional 3 to 5 minutes using 2 GP-50 getters, 
one at 20°C, one at ~450°C, and a W filament operated at about 2000°C.   
Blanks and backgrounds for the K-feldspars were typically determined 
during a 15-minute, 800°C blank run. For the long and higher temperature heating 
steps this method under-corrects the true blank and therefore the reported 
radiogenic yield for these steps contains atmospheric argon that is not solely 
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derived from the samples. Because of the age and high K-content of the K-
feldspars, the blank contribution is very minor. 
 Irradiations were preformed at both the University of Michigan Ford 
reactor (position L-67) and at the Hamilton, Canada McMaster reactor (position 
5C). Michigan irradiations were typically ~100 hours and samples were irradiated 
within an evacuated quartz vial. The McMaster irradiation was 41.7 hours with 
samples being irradiated in air while enclosed within an Al vessel.  Fish Canyon 
sanidine is used as the flux monitor.  J-factor errors are estimated at 0.1 to 0.2% 
(1σ). Correction factors for interfering reactions were measured with K-glass and 
CaF2. Typically 4 to 5 grains of each were fused with the CO2 laser to obtain a 
weighted mean value for each correction factor.  
 Reported ages for step-heated samples are weighed by the inverse variance 
for the indicated steps. MSWD values are calculated for each weighted mean and 
errors are determined using the method of Taylor (1982).  No strict plateau 
criteria were adhered to; rather weighted means were calculated for the flattest 
parts of each age spectrum.  
The assigned age of Fish Canyon sanidine is 28.27 Ma and the total 40K 
decay constant is 5.476e-10/a. At present there is no accepted value for the age of 
FC sanidine (Renne et al., 1998; Lanphere and Dalrymple, 2000), however there 
has been considerable recent work towards determining and evaluating the 
monitor age and 40K decay constants (Min et al., 2000; Kwon et al., 2002; Min et 
al., 2003). These recent papers have recognized that 40Ar/39Ar dates based on an 
age of 28.02 Ma for FC sanidine and decay constants recommended by Steiger 
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and Jäger (1977) yield younger results compared to U/Pb ages for samples that 
should not be discordant. In the near future it is expected that new decay constants 
for 40K will be recommended based upon the U/Pb system and therefore dates 
reported here use the values of Kwon et al. (2002) in anticipation of this change. 
We recognize that the values used here will likely not be the final accepted 
values, but feel that they best reflect our present knowledge. 
B: K-Feldspar thermochronology: 
 40Ar/39Ar K-feldspar results are presented (Appendix 3) and interpreted 
within the context of the multiple diffusion domain (MDD) model (Lovera et al., 
1989).  Diffusion domains in K-feldspar are interpreted to have different Ar 
retentivities and hence different domains in a single grain record segments of the 
thermal history and therefore allow resolution of the cooling path.  The technique 
is not without criticism (Foland, 1994; Villa, 1994; Lee, 1995; McDougall and 
Harrison, 1999). As potential pitfalls, age spectra may reflect reorganization of 
argon diffusion domains during recrystalization after argon closure (Parsons et al., 
1999), and/or may record metasomatism (Melis, 2000).  Also, heating events can 
partially or completely reset diffusion domains and result in apparent age 
gradients that cannot be distinguished from simple cooling histories. Hence, when 
reheating events cause argon loss it is not always possible to determine a unique 
thermal history (Quidelleur et al., 1997).  This may be of less concern across 
individual faults, as temperature gradients are expected to be small at any given 
time due to thermal equilibration at short length scales.  In support of this 
technique, numerous studies have produced geologically reasonable data that are 
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in excellent agreement with data obtained from 40Ar/39Ar muscovite and apatite 
fission track results (Harrison et al., 1992; Groff et al., 1997; Hoisch et al., 1997).  
The purpose of this paper is not to evaluate the technique, rather we present data 
to test a geologic hypothesis, fully recognizing and exploring the potential 
complications of the technique. 
 The MDD method links the measured age spectrum (black line in Fig. 
18A) with the Arrhenius parameters that are obtained during incremental heating 
to retrieve a thermal history.  Step-heating data (39Ar released and heating time) 
are used to calculate argon diffusion coefficients, which can then be modeled to 
determine the activation energy and diffusion domain size distribution.  The 
laboratory-heating schedule for each sample involved multiple isothermal steps.  
The first step in each temperature interval often produces anomalously old 
apparent ages and likely represents degassing of excess argon hosted in fluid 
inclusions (Fig. 18A, left side of spectrum) (Harrison et al., 1993; Harrison et al., 
1994).  The second of the isothermal steps generally decreases to a minimum 
before again rising in age for the third and fourth isothermal steps.  We assume 
that the minimum age of the isothermal groups is free of excess argon and the 
climbing apparent ages following the minimum represents the true 40Ar* 
distribution.  Because the automated MDD age spectrum algorithms try to provide 
model fits that minimize differences between the measured and modeled data, the 
excess argon component needs to be corrected.  The correction is determined by 
assigning the mean of the apparent ages of the preceding and following thermal 
step (Fig. 18A inset).   The error associated with the anomalous apparent age step  
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Figure 2:  A sample age spectrum and kinetic parameters from the Black Canyon 
area, to illustrate the MDD method.  4a) The measured age spectrum is shown in 
black, where each segment represents the apparent age of the gas released during 
a single temperature step.  The 'corrected' spectrum is shown in green and 
provides a smooth age gradient for MDD modeling by removing the excess argon 
component.  Model age spectra solutions are shown in red and show good 
agreement with the measured age spectrum.  The Arrhenius relationship is 
determined from the % 39Ar released and a known laboratory-heating schedule 
(black: measured Arrhenius data; red: model Arrhenius data).  The Arrhenius 
relationship is illustrated in (B), with the Arrhenius reference line defined by the 
initial linear segment of the diffusion coefficients {D/r02 = D0/r02exp(-E/RT)}.  
The log r/ro plot is shown in (C) where the black line represents the deviation of a 
measured data from the reference Arrhenius law and the red is the model data.  A 
climbing gradient in this plot reflects degassing of two or more diffusion domains.  
(D) Thermal history modeled as monotonic cooling. Yellow band represents 90% 
confidence window for the mean of all acceptable solutions and red band 
represents the range of the entire acceptable models. (E) Unconstrained thermal 
histories. Diagram represents contoured summary of all acceptable unconstrained 
models. 
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is also corrected by assigning the mean of the difference between the apparent 
ages of the preceding and following temperature step (shown as green boxes on 
Fig. 18A; described further by Sanders and Heizler NMBMMR open file report in 
prep).   
To obtain and evaluate the activation energy for the sample, an Arrhenius 
plot is constructed using the fraction of 39Ar released (from Fig. 18A) and a 
known laboratory-heating schedule with the assumption of a plane sheet diffusion 
geometry (Fig. 18B).  The determination of the activation energy from the 
Arrhenius plot is typically obtained by linear regression of the low temperature 
steps.  Because we used quadruplicate isothermal steps to better resolve the age 
spectrum, simultaneous degassing of more than one diffusion domain complicates 
the initial linear segment of the Arrhenius plot.  Therefore, our approach to 
establishing the activation energy is to calculate the slope between the last step in 
one isothermal group with the first isothermal step of the next highest 
temperature.  We then calculated the average slope for the initial 3-4 line 
segments to assign the activation energy for the sample.  Typical activation 
energies determined in this fashion for samples in this study range from 39 to 52 
kcal/mol with most samples falling between 44 and 48 kcal/mol.  These values are 
comparable to those reported by (Foland, 1974) at 43.8 kcal/mol.  Further, 
analyses of 115 K-feldspars by Lovera et al. (1997) yielded a range of activation 
energies normally distributed about an average of 46 ± 6 kcal/mol.  We chose to 
model all the samples with an activation energy of 46.0 kcal/mol in order to 
evaluate differences between samples.  Although the variations in activation 
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energy observed will affect the absolute temperature of the thermal history, it 
should have little affect on cooling rates and timing inferred from the models 
(Lovera et al., 1997).  The typical Arrhenius diagrams for K-feldspar do not yield 
a single linear relationship because progressive heating causes argon loss from the 
smallest diffusion domains followed by degassing of larger domains and results in 
a general decline in values for log D/r2 (Fig. 18b).   
The diffusion data are displayed on a plot of log r/r0 versus cumulative % 
39Ar released (Fig. 18C). Log r/r0 is a ratio of the size of the diffusion domain that 
would be required to cause deviation of the measured data from a reference 
Arrhenius law (r0) (Fig. 18C).  This plot provides a useful visualization of relative 
sizes and volume fraction of different diffusion domains.  A crystal with a single 
diffusion domain will have a linear Arrhenius law and there should be no 
deviation between individual diffusion coefficients and the reference Arrhenius 
line.  In this scenario, the log r/r0 values should remain zero for all temperature 
steps.  Increasing steps on the log r/r0 plot indicates argon degassing from larger 
and more retentive diffusion domains (Fig. 18C).  Flat segments on the log r/r0 
plot indicate argon loss from a dominant diffusion domain.  By applying this 
knowledge to an age spectrum that has a relatively flat segment (plateau) over the 
same gas interval as an increasing part of a log r/r0 plot suggests relatively rapid 
cooling through multiple diffusion domains at a given plateau age (see results 
below).  The final step to the MDD method is to apply a thermal history to the 
calculated diffusion domain distribution to generate model age spectra.   
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Following the calculation of argon kinetic parameters, model thermal 
histories can be found that yield model age spectra that match the measured age 
spectra (shown as red in Fig. 18A).  Two thermal histories for each sample are 
generated.  One model, the monotonic model, generates a thermal history that 
attempts to match the measured age spectra but only allows cooling of the sample 
through time (Fig. 18D). This corresponds to geologic situations involving 
progressive denudation and/or isobaric cooling of a sample. A range of possible 
cooling histories is generated from 150 modeling attempts; the solutions with 
acceptable fits are plotted as the yellow band with 90% confidence windows for 
the means of the solutions (yellow) and overall distribution (red) of the results, 
respectively (Quidelleur et al., 1997).  For this example, all the solutions indicate 
cooling from 300 to 150° C between 700 and 500 Ma (Fig. 18D). A second 
thermal history can be generated that allows for the sample to both cool and 
reheat through time.  These unconstrained models are generated from 300 
attempts, and solutions are contoured to illustrate the probability of a particular 
thermal history passing through a particular temperature/time cell (Fig. 18E).  In 
this example, possible times of reheating are at 750-625 Ma and 400-300 Ma, 
with cooling from 650-575 Ma and 350-300 Ma.   
For most of this paper, both thermal histories are considered.  However, 
we recognize that the overall geologic history of the Southwest involved 
progressive erosional unroofing and cooling to produce the Great Unconformity, 
and magmatism (although present) was limited in area and was sufficiently 
shallow level that observed contact aureoles are narrow.  The possibility of mafic 
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underplating at 1.1 Ga (and 0.8 Ga) that might have elevated crustal geotherms 
remains a possibility that can be evaluated by looking at the timing of the 
unconstrained thermal history models. 
Many of the spectra from K-feldspars of the study areas reveal a humped 
pattern of ages over the ~10-30% of 39Ar released (e.g. T01-IL-3f, T01-IL-5f, 
T01-IL-6f, and T01-IL-7f; Fig. 21).  We do not have a good understanding of this 
feature, but possible explanations are 1) 39Ar recoil redistribution, 2) excess 
argon, and/or 3) microfracturing of large diffusion domains into smaller diffusion 
domains without 40Ar loss from the fractured domains.  39Ar recoil from high-K 
regions within the crystal to lower-K regions, coupled with thermally distinct 
degassing of the regions could cause anomalous age patterns.  Perhaps recoil from 
high-K areas into more exsolved plagioclase-rich areas could explain the humped 
shape part of the spectra.  Model age spectra with this shape have been calculated 
by Lovera et al. (1997) where they allowed large diffusion domains to recrystalize 
after initial argon closure without further argon loss.  This model effectively 
cracks large diffusion domains into smaller ones such that the 40Ar distribution 
created in nature cannot be accurately recovered during laboratory step heating.  
Essentially, old gas is partitioned into relatively non-retentive domains that degas 
early in the age spectrum and once these artificially small and old domains are 
exhausted the unaffected intermediate domains begin degassing to cause the age 
decrease.  Finally, large domains that have not been altered since initial argon 
closure dominate the high temperature 39Ar released.   The primary consequence 
of this scenario is to artificially flatten the true age gradient. 
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 Excess 40Ar can clearly cause anomalously old apparent ages and some of 
the initial steps yield ages older than the age of the rock.  We do not favor excess 
argon as the primary cause of the hump since the highest part of the hump never 
yields an apparent age that is geologically unrealistic.  Considering that this is 
observed in many of the age spectra reported here and in at least 100 more K-
feldspars from the Precambrian southwestern U.S., we favor either 39Ar recoil 
redistribution and/or recrystalization. 
 To handle the hump in the age spectra for modeling, we create a corrected 
spectrum (as described above) shown as a green box in the age spectra, such as 
T01-IL-4f, T01-IL-5f, and T01-IL-6f (Fig. 21).  The intent here is to allow the 
model spectra to float within a large error envelope rather than averaging out the 
hump, which artificially produces rapid cooling at a time equaling the mean age 
of the humped portion. 
 Another potential problem is growth of K-bearing mineral phases at 
temperatures below the closure temperature range for K-feldspar.  The role of K-
feldspar alteration in the resultant age spectra has not been fully evaluated by this 
study.  We recognize that alteration to white micas after closure to argon loss in 
K-feldspar would produce age spectra that suggest argon loss at a time when the 
rocks would have been too cool to diffuse argon.  This alteration would produce 
anomalously young ages that may reflect the time of alteration or, perhaps more 
likely, would reflect a mixed age from both low temperature diffusion domains in 
K-feldspar and white micas.   We attempt to minimize this affect by repeated 
isothermal steps to remove the effects of alteration products. 
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Results: 
A: Biotite results: (ca. 300°C) cooling history:  
Muscovite and biotite results from across the region can be used to infer 
the time the crust cooled through 350-300°C (McDougall and Harrison, 1999).  
Mica ages for much of the Southwest are ca 1.4 Ga (Karlstrom et al., 1997; Shaw 
et al., in press) and reflect cooling after the 1.45-1.35 Ga thermal/tectonic 
metamorphic event (Karlstrom and Humphreys, 1998; Siddoway et al., 2000; 
Karlstrom et al., in press). Some workers propose that presently exposed rocks of 
the Southwest were essentially at the same depth at about 1.4 Ga (10 km) based 
on limited pressure data from 1.4 Ga plutons (Nyman et al., 1994), but it is 
instructive to compare the regions of Fig. 17C to see if there might be different 
depths or different temperatures of regions starting at 1.4 Ga as recorded in the 
mica data and if this thermochronomter shows any systematic variation across the 
postulated Proterozoic faults.  
Five biotites were analyzed from the Ilse fault area and their age spectra 
are shown in Fig. 19 (data tables are provided in appendix 3).  The biotite samples 
yielded overall flat age spectra, however the flat segments do not define rigorous 
age populations (MSWD ~ 1).  We use the term plateau to define the steps from 
which a weighted mean age was calculated.  We recognize that micas probably 
have significant age gradients due to their prolonged and complex thermal 
histories (Hodges et al., 1994) and perhaps resided at temperatures near the 
closure temperature of biotite for very long periods of time perhaps  
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Figure 19:  Age spectrum and K/Ca diagrams for biotite and muscovite from both 
the Ilse fault area (area 1 in Figure 1) and the Black Canyon Region (area 2 in 
Figure 1).  Samples record cooling through 350°C (for muscovite) and about 
300°C (for biotite) at different times in different areas.  Samples from the Ilse 
fault area record cooling in both muscovite (Shaw et al., in press) and biotite (this 
study) at about 1350 Ma, suggesting that these rocks cooled after regional heating 
at 1.4 Ga and resided at similar crustal levels.  Samples from Black Canyon and 
Unaweep Canyon record variable biotite ages suggesting cooling at different 
times in the Proterozoic. Apparently some samples near the Red Rocks fault (ca. 
1100 Ma biotite ages) cooled later than the older samples in the region.  Plateau 
ages are reported with 1σ error. 
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underestimating the age of cooling through 350°C (Lister and Baldwin, 1996).  
Two biotite samples were collected on the east side of the N-S trace of the Ilse 
fault.   Sample T01-IL-3B yields an age over the final 55% (steps K-O) of the 
39Ar released of 1355 ± 2 Ma (MSWD = 5.12).  Similarly, sample T01-IL-4B 
yields a plateau age of 1346± 2 Ma over the last 85% (steps F-O) of 39Ar released 
(MSWD = 10.5).  Within the mapped NW-striking trace of the fault zone, sample 
T01-IL-10B was collected from unbrecciated rock and yielded a plateau age of 
1360.6 ± 1.4 Ma over the last 68% (steps G-O) of the age spectrum (MSWD = 
5.87).  Sample T01-IL-5B also yielded a relatively flat age spectrum with a 
plateau age of 1383 ± 2 Ma over the final 56% (steps G-O) of the age spectrum.  
We interpret them to record regional cooling of rocks on both sides of the fault 
through 350-300 C at about 1382-1346 Ma, during and following the regional ca. 
1.45 to 1.35 Ga event.  Hence, rocks on both sides of the fault were at similar 
temperatures by ~1.35 Ga. 
Mica age determinations from basement rocks in Black Canyon area (Fig. 
20) also yield relatively flat age spectra over the entire area sampled.  One 
muscovite and three biotite analyses from Black Canyon exposures and two 
biotite samples from Unaweep Canyon yield generally equal ages (Fig. 19).  
Sample T01-RR-3M is a muscovite from the Red Rock sample traverse of the 
Black Canyon area yields an age spectrum with a plateau age of 1384 Ma ± 2 Ma 
(MSWD = 8.23) and records cooling through about 350° C at that time.  This 
muscovite is similar to the samples from the Ilse fault area and many muscovite 
age determinations from south-central Colorado (Shaw et al., in press).  The age  
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Figure 20:  Geologic Map of the Northern Wet Mountains and Ilse fault system.  
Basement rocks exposed include Paleoproterozoic supracrustal rocks intruded by 
Paleoproterozoic 1.7-1.65 Gs granitoids.  Also shown is the distribution of ca. 1.4 
Ga plutons in the area (red).  In the southern portion of the map outcrops of 
Cambrian-age plutons are identified.  The Ilse fault zone can be traced along a 
sinuous path through the Wet Mountains.   Phanerozoic deposits are exposed east 
of the fault trace, preserving the Great Unconformity beneath lower Paleozoic 
rocks and the post Ancestral Rockies unconformity beneath Mesozoic rocks.  K-
feldspar samples were collected across two traverses to evaluate cooling histories 
across both N-S and NW segments of the fault. 
1.45 - 1.35 Ga granite
1.71 - 1.65 Ga 
  granite
~1.7 Ga quartzite-rhyolite
 sequences
1.80 - 1.72 Ga
volcanogenic rocks
100
km
5
Mesozoic
sedimentary rocks
Cambrian plutons
Lower Paleozoic
sedimentary rocks
1 432 765
8
10
9
16
12 11
Canon City
Ilse  fault  zon
e
Hwy 50
118
 119
is consistent with regional cooling following emplacement of ca. 1.4 Ga plutons 
and the 1.4 Ga Vernal Mesa Granite in Black Canyon.  
Interestingly, biotite ages from the Black Canyon area are considerably 
younger. Sample T01-RR-5B, T01-RR8B, and T01-RR-9B record ages closer to 
1100 Ma with T01-RR-9B yielding the flattest spectrum with an age of 1111 Ma 
± 1 Ma (MSWD = 7.62; Fig. 19).  The other two samples yield less well-defined 
plateau ages.  These apparent ages suggest that these rocks resided at 
temperatures in excess of 300°C prior to 1100 Ma and cooled to about 300°C at 
about 1100 Ma.  The combined thermochronology suggests that from 1350 to 
1100 Ma these rocks occupied a critical temperature range (350-300°C) that 
allowed argon closure in muscovite and kept biotite open to argon loss.  
 The two biotite samples from Unaweep Canyon yield overall older 
apparent ages than those observed in Black Canyon (Fig. 19).  Sample T01-UN-
1B has a plateau age of 1407 ± 1.8 Ma (MSWD = 4.72) over 75% of the 39Ar 
released.  Sample T01-UN-2B yields a complex age spectrum with a very poorly 
defined plateau age of 1314 ± 12 Ma (MSWD = 321.27).  No fault has been 
identified between these two samples, which are less than 100 m apart, and we 
suggest that the rocks occupied a similar crustal level at 1.4 Ga that was near 
biotite closure temperature allowing some micas to close and others to remain 
open to argon loss.  We rely on the more precise apparent age of 1407 Ma for this 
part of the study area, and we reconstruct the thermal history of Unaweep rocks 
area using this value. 
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 The combined mica data suggests that most of the Southwest resided at 
350-300°C from 1.4 to 1.1 Ga, but that the Black Canyon region was slightly 
hotter during this time. Anomalously young mica ages (1200-900 Ma) are also 
present in the Taos-Cimarron area (Karlstrom et al., 1997), which form a 
southeastern continuation of the Uncompahgre uplift and suggests that 1.1 Ga 
differential uplift was significant enough in this region to be recorded in the 300-
350°C thermochronometers. 
  
B: K-feldspar results—lower temperature record (300-150°C)  
Ilse fault zone, northern Wet Mountains, Colorado 
Metamorphic and igneous basement K-feldspars, as well as the micas, 
were collected in two sample traverses in the Gribble Mountain quadrangle (Fig. 
20; Wobus et al., 1979).  The trace of the Ilse fault roughly bisects the Wet 
Mountains striking dominantly toward the northwest (Fig. 20).  The fault 
expresses a sharp bend into a N-S orientation near the southern sample traverse.  
The fault again strikes in a NW direction near the northern sample traverse.  The 
characteristic bends from N-S to NW trends is a common feature to many 
Phanerozoic monoclines, like those seen in Grand Canyon exposures.  We 
collected samples to test whether different fault segments separate rocks with 
different cooling histories.  One sample traverse includes basement rocks across a 
N-S segment of the Ilse fault and the other traverse sampled across a NW segment 
of the fault (Fig. 20).   
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 Seven K-feldspar samples from the traverse across the N-S segment of the 
Ilse fault have spectra consistent with protracted and complex thermal histories 
for the temperature range 350-150°C (Fig. 21).  Two distinct overall age 
groupings are observed:  1) Except for sample T01-IL-01, samples west of the N-
S trace (T01-IL-2f, T01-IL-3f, and T01-IL-4f) have steep gradients from about 
350 Ma to 800 Ma followed by fairly flat spectra from 800 to 900 Ma.  2) 
Samples T01-IL-5f, T01-IL-6f, and T01-IL-7f, east of the fault have steep 
gradients from ~600 to 1000 Ma followed by fairly flat spectra with ages from 
1000 to 1050 Ma. 
 Samples collected across the NW-striking segment of the Ilse fault also 
yield variable and complex age spectra (Fig. 22). Anomalous old apparent ages in 
the 10% 39Ar released are corrected to allow MDD modeling, as described in the 
methods section.  Samples in this traverse cannot immediately be separated into 
two groups that yield different thermal histories.  Sample T01-IL-8f yields an age 
spectrum that is very complex and because only 40% of the age spectrum was 
measured prior to laboratory melting of the K-feldspar, thermal histories for T01-
IL-8f are poorly resolved and of little value.  The samples also exhibit variable 
apparent age minima and gradients in the first 30% of the 39Ar released.  Samples 
T01-IL-10f, T01-IL-11f, and T01-IL-12f all have steep age gradients from late 
Paleozoic ages to about 1050 Ma followed by relatively flat spectra.  Sample T01-
IL-9f yields a steep age gradient from about 700 to 1100 Ma followed by a nearly 
flat spectrum over the last 80% 39Ar released.  Sample T01-IL-16f has a very  
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Figure 21:  Measured (black), corrected (green) and model (red) age spectra 
diagrams for basement K-feldspars from the southern traverse across the N-S 
trace of the Ilse fault (Figure 3). Multiple diffusion domain (MDD) results are 
presented in the model thermal histories.  Both monotonic and unconstrained 
models indicate differing thermal histories across the N-S trace of the Ilse fault.  
Shaded regions in thermal histories correspond to elevated cooling rates during 
the late Paleozoic, and at about 800 Ma and 1000 Ma. 
200
400
600
800
1000
1200
A
pp
ar
en
t A
ge
 (M
a)
Ilse Fault
T01-IL-1f K-spar
100
150
200
250
300
350
400
Te
m
pe
ra
tu
re
  (
o C
)
0
200
400
600
800
1000
1200
A
pp
ar
en
t A
ge
 (M
a)
Ilse Fault
T01-2f K-spar
100
150
200
250
300
350
T
em
pe
ra
tu
re
  (
o C
)
200
400
600
800
1000
1200
A
pp
ar
en
t A
ge
 (M
a)
Ilse Fault
T01-IL-3f K-spar
100
150
200
250
300
350
Te
m
pe
ra
tu
re
  (
o C
)
0
200
400
600
800
1000
1200
1400
A
pp
ar
en
t A
ge
 (M
a)
Ilse Fault
T01-IL4f K-spar
100
150
200
250
300
350
T
em
pe
ra
tu
re
  (
o C
)
0
200
400
600
800
1000
1200
1400
A
pp
ar
en
t A
ge
 (M
a)
Ilse Fault
T01-5f K-spar
100
150
200
250
300
350
T
em
pe
ra
tu
re
  (
o C
)
0
200
400
600
800
1000
1200
1400
A
pp
ar
en
t A
ge
 (M
a)
Ilse Fault
T01-IL6f K-spar
150
200
250
300
350
Te
m
pe
ra
tu
re
  (
o C
)
 
0 20 40 60 80 100
Cumulative % 39Ar released 
200
400
600
800
1000
1200
A
pp
ar
en
t A
ge
 (M
a)
Ilse Fault
T01-IL-7f K-spar
200 400 600 800 1000 1200
Age  (Ma)
100
150
200
250
300
350
400
Te
m
pe
ra
tu
re
  (
o C
)
100
150
200
250
300
350
400
Te
mp
era
tur
e
100
150
200
250
300
350
Te
mp
era
tur
e (
C)
100
150
200
250
300
350
Te
mp
era
tur
e (
C)
100
150
200
250
300
350
Te
mp
era
tur
e (C
)
100
150
200
250
300
350
Te
mp
era
tur
e (
C)
100
150
200
250
300
350
Te
mp
era
tur
e (
C)
200 400 600 800 1000 1200
100
150
200
250
300
350
Age (Ma)
Te
mp
era
tur
e (
C)
W
es
t o
f I
ls
e 
fa
ul
t
Ea
st
 o
f I
ls
e 
fa
ul
t
A B C
123
 124
Figure 22:  Measured (black), corrected (green) and model (red) age spectra 
diagrams for basement K-feldspars from the northern traverse across the NW 
trace of the Ilse fault (Figure 20).
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steep rise in apparent age from about 700 to 800 Ma before a small flat segment at 
800 Ma that is then followed by a moderate rise to about 1100 Ma.   
 
The Black Canyon and Unaweep Canyon, West central Colorado 
 K-feldspar samples were collected from igneous and metamorphic rocks 
in three locations to further test ancestry across Phanerozoic structures in the 
Black Canyon to Unaweep areas (Fig. 23).  Six samples were collected across the 
Red Rocks fault in the Black Canyon.  The Red Rocks fault is a NW-striking fault 
that folds upper Mesozoic rocks into a SW-facing monocline and juxtaposes 
Jurassic and Cretaceous rocks (Fig. 23).  Pre-Laramide ancestry has been 
postulated for this fault noting the small (5 km) apparent left lateral displacement 
of basement rocks (Hansen, 1971; Jessup, 2003).  The age of this apparent left 
lateral displacement is Precambrian because the fault can be traced toward the 
southeast and across a Cambrian syenite pluton that shows little or no lateral 
displacement across the fault.  The Pre-Laramide dip-slip component of 
movement for this fault has not been determined. 
 Five samples were collected across the N-S trace of the Ute Indian fault in 
Black Canyon (Fig. 23).  The Ute Indian fault forms an east-facing monocline that 
juxtaposes Upper Mesozoic sedimentary rocks against basement (Hansen, 1972).  
The monocline diminishes in displacement toward the south and may die 
approaching the NW trace of the Red Rocks monocline.  It is interesting to note 
that Laramide deformation across the Red Rocks and Ute Indian fault is expressed 
as oppositely verging monoclines suggesting oppositely dipping basement- 
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Figure 23:  Geologic Map of Precambrian Basement exposures from the Black 
Canyon and Unaweep Canyon region, western Colorado.  Basement rocks 
exposed include Paleoproterozoic supracrustal rocks intruded by Paleoproterozoic 
1.7-1.65 Ga granitoids.  Also shown is the distribution of ca. 1.4 Ga plutons in the 
area (red), including the Vernal Mesa Granite in Black Canyon.  Along the 
southeastern trace of the Red Rocks fault, a Cambrian-age pluton is identified.  
The Red Rocks fault is a NW-striking fault that records SW-side down movement 
in the Laramide, suggesting a NE dip to the fault plane.  Samples were collected 
within Black Canyon National Park, across the NW-trace of the Red Rocks fault.  
The Ute Indian fault is a N-striking, west dipping reverse fault in the Laramide 
and Ute Indian samples were collected to evaluate pre-Laramide cooling histories.  
The NW-Striking fault that bounds the SW margin of the Uncompahgre uplift is a 
well know Ancestral Rockies-age fault that juxtaposes basement rocks against a 
deep Pennsylvanian foreland basin.  Two samples were collected near the fault in 
Unaweep canyon to evaluate the thermal history of this crustal block.  
Reactivation of this structure during the Laramide orogeny is limited due to 
preserved and near continuous Mesozoic sedimentary rocks across the structure. 
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penetrating faults, with Red Rocks dipping north and Ute Indian dipping west.  
This would be an unusual result if both structures were formed in the Laramide, 
reinforcing the interpretation of ancestry for both structures. 
Finally two samples were collected from Unaweep Canyon about 100 km 
to the west of Black Canyon (Fig. 23).  Samples were collected about 200 m from 
the NW-trace of the main Uncompahgre reverse fault (presumably a NE-dipping 
Precambrian normal fault).  Long recognized as an important Ancestral Rockies-
age uplift-bounding structure, the pre-Mesozoic displacement has been estimated 
to be about (10 km) and juxtaposes exhumed basement rocks against 
Pennsylvanian-age syn-tectonic deposits (De Voto, 1980).  Laramide movement 
is determined to be small (<100 m), because Mesozoic strata are continuous 
across the structure.  The major SW dipping Monument fault separates the 
Unaweep from Black Canyon areas and forms the core of the Monument fold of 
Colorado National Monument (Fig. 23).  
All samples shown in Fig. 23 reside in the up-thrown block of the 
Uncompahgre and Gunnison uplifts and were collected from basement rocks that 
are overlain by Triassic and Jurassic deposits.  However, based on the geometry 
of the Laramide/Ancestral Rockies shortening structures, and assuming 
inheritance, we postulate that the Uncompahgre and Gunnison uplifts were part of 
a Proterozoic horst and graben system as shown in Fig. 23. But the Mesozoic 
rocks above the Great Unconformity across both uplifts provide a useful datum 
and necessitates that all these rocks were part of the same Ancestral Rockies high 
and have occupied similar crustal levels since the end of the Paleozoic.  
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Apparently, Laramide deformation was not important as a mechanism for 
significant exhumation of basement rocks because Mesozoic rocks are still 
preserved. Also, it is not expected that argon loss would occur post-Mesozoic in 
K-feldspars due to the relatively thin Mesozoic section. 
 K-Feldspars collected from the Black Canyon region have age spectra 
that, like the micas, show younger cooling ages than those from the Wet 
Mountains (Fig. 24). Although there are age differences from Unaweep to Black 
Canyon (Fig. 23), there is little variation in apparent ages across the discrete faults 
(Fig. 24).  Samples T01-RR-4f, T01-RR-5f, and T01-RR-6f were all collected on 
the SW side of the Red Rocks fault and samples T01-RR-7f, T01-RR-8f, and 
T01-RR-9f were all collected on the NE side of the Red Rocks fault (Fig. 23).  All 
samples show anomalously old apparent ages in the first 10% 39Ar released that 
can be attributed to excess argon.  The isothermal steps help resolve the true 
argon concentration for the initial steps and much of the remaining age spectra do 
not appear to contain excess argon.  The excess argon problem does present some 
difficulties when interpreting the younger history of these samples.  As before, the 
age spectra have been corrected to allow MDD modeling and the results of the 
modeling reflect this correction by allowing this segment of the thermal history to 
flare out and become less constrained (especially for sample T01-RR-4f).  All 
samples have age spectra that yield two or more relatively flat segments that 
correspond to time of inferred cooling (and exhumation).  One segment falls 
between 600 and 700 Ma with the one noted exception of sample T01-RR-4f, 
which is slightly younger (500-700).  The samples also exhibit a second flat  
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Figure 24:  Measured (black), corrected (green) and model (red) age spectrum 
diagrams for basement K-feldspars from the Red Rocks fault zone (Figure 7). All 
samples show anomalously old apparent ages in the first 10% 39Ar released that 
can be attributed to excess argon in the sample.  The isothermal steps help resolve 
the true argon concentration for the initial steps and much of the remaining age 
spectrum does not appear to contain excess argon. MDD results are presented in 
the model thermal histories.  Both monotonic and unconstrained models indicate 
diachronous cooling from peak temperatures at about 800 Ma (pink), followed by 
cooling at 500-550 Ma and 350 Ma. 
 0
200
400
600
800
1000
1200
1400
A
pp
a
re
n
t A
ge
 
(M
a
)
Red Rock Fault
T01-RR4f K-spar
100
150
200
250
300
350
400
T
em
pe
ra
tu
re
 
 
(o C
)
0
200
400
600
800
1000
1200
1400
A
pp
a
re
n
t A
ge
 
(M
a
)
Red Rock Fault
T01-RR5f K-spar
100
150
200
250
300
350
T
em
pe
ra
tu
re
 
 
(o C
)
0
200
400
600
800
1000
1200
1400
A
pp
a
re
n
t A
ge
 
(M
a
)
Red Rock Fault
T01-RR6f K-spar
100
150
200
250
300
350
T
em
pe
ra
tu
re
 
 
(o C
)
0
200
400
600
800
1000
1200
1400
A
pp
a
re
n
t A
ge
 
(M
a
)
Red Rock Fault
T01-RR7f K-spar
100
150
200
250
300
350
T
em
pe
ra
tu
re
 
 
(o C
)
0
200
400
600
800
1000
1200
1400
A
pp
a
re
n
t A
ge
 
(M
a
)
Red Rock Fault
T01-RR8f K-spar
100
150
200
250
300
350
T
em
pe
ra
tu
re
 
 
(o C
)
0 20 40 60 80 100
Cumulative % 39Ar released
0
200
400
600
800
1000
1200
1400
A
pp
a
re
n
t A
ge
 
(M
a
)
Red Rock Fault
T01-RR9f K-spar
200 400 600 800 1000 1200
Age  (Ma)
100
150
200
250
300
350
T
em
pe
ra
tu
re
 
 
(o C
)
200 400 600 800 1000 1200
Age  (Ma)
A B C
132
 133
segment in the first 10-15% 39Ar released that suggests cooling in the early 
Paleozoic.  Many samples also exhibit in the last 20% of  39Ar released a gradual 
climb in apparent ages that record the argon concentration distribution in the more 
retentive domains (Fig. 24).   
 Like the samples collected across the Red Rocks fault, samples collected 
across the Ute Indian fault share very similar results and yield similar thermal 
histories.  Samples T01-UI-1f, T01-UI-2f, and T01-UI-3f were collected on the 
east side of the N-S trace of the fault and samples T01-UI-4f and T01-UI-6f were 
collected on the west side (Fig. 23).  Samples record a general rise in apparent age 
within the first 10% of 39Ar released followed by a relatively flat segment 
between 10 and 70% 39Ar released.  The age spectra again show a general rise in 
apparent ages in the last 20% 39Ar released.  The main flat segment in the age 
spectrum yields apparent ages between 600 and 700 Ma, recording cooling during 
this interval.  The samples record virtually identical thermal histories after about 
700 Ma (Fig. 25). 
 K-feldspar age spectra from Unaweep Canyon have a similar form to 
those from Black Canyon, however apparent ages are quite different between the 
two areas.  Two K-feldspar samples were analyzed from Unaweep Canyon and 
reveal disparate age results (Fig. 26).  Both samples show excess argon in the first 
10% of 39Ar released, making this segment of their age spectra difficult to 
interpret, but both appear to record minimum ages at about 725 Ma.  Sample T01-
UN-1f has one flat segment, between 750 and 800 Ma over the first 15% of 39Ar 
released, this is followed by a general rise in apparent age to between 1100 and  
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Figure 25:  Measured (black), corrected (green) and model (red) age spectra 
diagrams for basement K-feldspars from the Ute Indian fault zone (Figure 7). 
Samples T01-UI-1f, T01-UI-3f show anomalously old apparent ages in the first 
10% 39Ar released and record steep age gradients over this interval. Apparent age 
gradients shallow and form a ‘plateau’ at about 600-700 Ma over much of the age 
spectrum MDD results are presented in the model thermal histories.  Both 
monotonic and unconstrained models record diachronous cooling like the Red 
Rocks samples and document cooling from peak temperatures at about 800 Ma 
(pink), followed by cooling between 550 and 500 Ma (yellow) and 350 Ma 
(Blue).
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Figure 26:  Measured (black), corrected (green) and model (red) age spectra 
diagrams for basement K-feldspars from Unaweep Canyon (Figure 7). Both 
samples show anomalously old apparent ages in the first 10% 39Ar released 
making this part of the thermal history difficult to obtain. MDD results are 
presented in the model thermal histories.  Both monotonic and unconstrained 
models suggest cooling through K-feldspar closure temperature between 800 and 
700 Ma, similar to samples on the west side of the Ilse fault system.  Like Red 
Rocks samples, these K-feldspars record cooling from peak temperatures at about 
800 Ma (pink), but differ in that they do not record argon loss in the Paleozoic.
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1200 Ma.  The final 50% of the age spectrum is complicated and the model 
spectrum provides a poor match to the measured spectrum (Fig. 26).  Sample 
T01-UN-2f is similar in form to sample T01-UN-1f but has some differences.  
Sample T01-UN-2f has a very small flat segment at about 700 Ma in the first 5% 
39Ar released, followed by a rise in apparent age to about 800 Ma.  The spectrum 
is relatively flat at about 800 Ma between 20 and 60% 39Ar released.  This 
segment is followed by increasing apparent ages to about 1000 Ma. 
 
Discussion: 
Interpretation of thermochronologic differences across individual fault 
segments 
A: Ilse fault, Colorado 
Based on the results of both mica and K-feldspar analyses, a detailed 
picture of the cooling history for the Ilse fault area can be constructed.  Biotite 
apparent ages represent cooling through 350-300°C following the 1.4 Ga 
thermal/tectonic event and are generally consistent with other samples collected in 
the area (Shaw et al., in press).  The apparent discrepancy in apparent ages 
between samples T01-IL-3B, T01-IL-4B, T01-IL-10B, and sample T01-IL-5B 
may reflect protracted cooling in the area between 1380 and 1350 Ma with 
samples closing to argon loss at different times.  It seems reasonable to assume 
that these samples share a common thermal history because there is no systematic 
spatial distribution of samples with different ages.  This implies that either there 
are some subtle differences in argon retentivity between biotite samples 
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(McDougall and Harrison, 1999), or they resided at slightly different crustal 
levels in the Mesoproterozoic.  Collectively, we conclude that the samples record 
local cooling to about 350-300°C at ca. 1350 Ma. 
Thermal histories for both sample traverses shed important light on both 
regional and local cooling histories for basement rocks.  From a regional 
perspective the combined mica and K-feldspar data sets indicate temporally 
distinct and episodic cooling at geologically important time periods.  Biotite 
provides a useful starting point for examining the complete cooling history of the 
area.  Based on data presented here and a regional study by Shaw et al. (in press), 
temperatures associated with 1.4 Ga metamorphism were above the closure 
temperature of biotite and muscovite. The combined mica data indicate that the 
area cooled below 350°C by 1350 Ma, however the overall younger K-feldspar 
results indicate temperatures in excess of ~275°C.  It is interesting to note there is 
no overlap of ages between biotite and K-feldspar, suggesting that K-feldspars in 
this area resided at a critical thermal window that allowed mica to close to argon 
loss yet allowed K-feldspars to remain open to argon loss.  First inspection of the 
K-feldspars and their model thermal histories highlights important cooling rate 
changes in the area.  Apparent ages at about 1100 and 800 are common in this 
area, suggesting that these times were important to the overall cooling history.  
Some K-feldspars record mid to late Paleozoic segments in their cooling history, 
perhaps another important time in the geological evolution of the area. 
 For samples collected across the N-S trace of the Ilse fault, K-feldspars 
record two distinct thermal histories.  Samples on the west side of the fault 
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document overall younger ages than those on the east side of the fault (Fig. 21).  
All samples on the west side of the fault, with the exception of sample T01-IL-1f, 
do not record ages much older than about 900 Ma.  Samples T01-IL-2f, T01-IL-
3f, and T01-IL-4f record remarkably similar thermal histories that include: 
temperatures in excess of 300° C between 1350 and 900 Ma, cooling to about 
175° C by about 700 Ma followed by extended residence time at about 175° C 
until the mid-Paleozoic.  Final closure to argon loss in these samples appears to 
have occurred in the Late Paleozoic.  Sample T01-IL-1f records older ages that do 
not seem consistent with the trend seen in other samples west of the fault.  
However, like the other samples west of the N-S trace of the fault, this sample 
records 800 Ma and Phanerozoic ages suggesting a similar thermal history since 
the Neoproterozoic.  No geologic explanation (fault) has been identified to 
account for the apparent discrepancy.  The calculated activation energy for this 
sample of about 47 kcal/mol is higher than some samples on this side of the fault, 
but is nearly identical to the value determined for sample T01-IL-3f.  Therefore, 
the older age for T01-IL-1f does not appear to reflect an anomalously high closure 
temperature. 
Samples on the east side of the fault record very consistent results in their 
model thermal histories.  All samples record cooling from about 300° C to 150° C 
between about 1000 and 1100 Ma.  Because the age gradients are very steep in the 
first few percent of the spectra, and because there is excess argon contamination, 
it is very difficult to resolve the lowest temperature history of these samples.  On 
average, samples east of the fault have not experienced as much post-Precambrian 
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argon loss compared to samples to the west.  Thus it is possible that samples may 
have continued to leak argon into the Paleozoic, but the data do not resolve final 
closure to argon loss. 
 The age discrepancy between samples on either side of the fault cannot be 
explained by a systematic difference in activation energies or retentivity (cf: 
Heizler et al., 1988).  The temperature differences are too great to be dismissed 
solely because of variable kinetic properties between all samples, especially since 
there is no obvious spatial distribution of high and low retentivity K-feldspars.    
We explain the differences in thermal histories by known tectonic events 
that affected much of North America in the Late Precambrian.  The following is a 
case example using one sample from each side of the fault to illustrate the thermal 
history and geological inferences for the area (Fig. 27).  From muscovite samples 
collected in the area (Shaw et al., in press), and biotite samples (this study), we 
can make certain assumptions about starting conditions for these rocks.  If we 
assume at least some Tc difference between muscovite and biotite, and mica 
samples record overlapping apparent ages, we can assume a similar crustal level 
for all rocks in the area at 1350 Ma (Fig. 27A).  27B) Cooling associated with 
overall erosion between 1350 and 1100 Ma brings the samples to about 275°C by 
1100 Ma and sample T01-IL-5f begins to retain argon.  27C) Sample 5f (East) 
continues to cool, however sample 2f (West) is required to be above 300°C until 
900 Ma, therefore we infer that the temperature difference is caused by 
differential motion related to Grenville tectonism and formation of the Ilse fault 
~1100 Ma. As the eastern block is exhumed, it is possible that the western block 
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warms due to minor sedimentation derived from the uplifted eastern block.  From 
1100 to 900 Ma, only the eastern block is cooling.  27D) Beginning at 900 Ma, 
sample 2f from the western block begins to retain argon as it passes through 
300°C. From 900 to 700 Ma, the region cools as a united block so that by 700 Ma 
sample 2f is at ~175°C. This part of the history is not recorded by sample 5f, but 
is inferred on the assumption that the temperature offset created during Grenville 
activity is maintained. This implies that sample 5f came near the Earth’s surface 
as sample 2f cooled from 300 to 175°C, consistent with overlying lower Paleozoic 
deposits on the eastern block.  27E) Sample 2f records nearly isothermal 
conditions, geologically consistent with known stratigraphic thicknesses, 
(~170°C) from 700 to 330 Ma which allows the smallest diffusion domains to 
leak argon where as the more retentive larger diffusion domains remain 
effectively closed to argon loss.  27F) A thin layer (< 500 m) of sedimentary 
cover is deposited from Cambrian through Devonian time based on preserved 
deposits in the area (Wobus et al., 1979).  27G) Ancestral Rocky Mountains uplift 
exhumes the western block causing sample 2f to cool to below at least 125°C. 
Although the K-feldspar model only requires about 50°C of cooling (175-125°C) 
to close the small diffusion domains of sample 2f, we infer that the western block 
continued to be exhumed such that samples 2f and 5f were nearly in the same 
crustal position following Ancestral Rocky activity.  This interpretation is partly 
based on apatite fission track thermochronology that does not support significant 
throw on the Ilse fault during the Laramide Orogeny or the  
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Figure 27:  Block diagrams illustrating the complete cooling history of rocks 
across the N-S trace of the Ilse fault.  Samples T01-IL-2f and T01-IL-5f are 
representative of west and east side samples reflecting differential cooling across 
the Ilse fault zone.  Sample 5f records cooling into the K-feldspar argon retention 
window at about 1050 Ma, while sample 2f remains at temperatures that allow 
argon loss from the sample suggesting divergent thermal histories at this time.  
Both samples record cooling at about 800 Ma, 5f closes to further argon loss, and 
2f continues to leak argon.  During Ancestral Rocky Mountain time, sample 2f 
records renewed cooling and closes to argon loss, perhaps indicating another 
period of differential exhumation.
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remaining Cenozoic (Kelley and Chapin, in press).  Lower Paleozoic rocks were 
likely stripped from the west side of the fault at this time.  27H) The present 
surface was buried (mainly in the Cretaceous) warming the samples into or just 
above the apatite fission track annealing temperature (70-120°C).  27I) Between 
the Late Cretaceous and the present the area underwent net exhumation.  West of 
the fault zone all Mesozoic deposits were stripped from the basement, rocks to the 
east preserve both lower Paleozoic and Mesozoic deposits suggesting modest 
west-side-up movement during Laramide deformation.  The magnitude of 
Laramide slip is poorly constrained but is limited by apatite fission track studies.   
Although samples 2f and 5f can be used to arrive at the above thermal 
history, not all of the data are as straight-forward. Below we identify some 
problems with the interpretation of the data and offer some potential explanations. 
We recognize that the age gradients observed in the initial part of the age spectra 
are very steep and thus difficult to model (especially samples east of the Ilse 
fault). 
Age determinations from individual temperature steps from samples on 
the west side of the fault (with the noted exception of sample T01-IL-2f) do not 
record ages consistent with cooling during or after Ancestral Rocky Mountain 
deformation (i.e. post - 320 Ma).  Most samples bottom out between about 350 
and 400 Ma (see appendices).  First, we would argue that cooling at this time as 
suggested by western samples is difficult to reconcile with the known geologic 
record of this time period.  Large-scale intracratonic deformation and exhumation 
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is not supported, as deposits of Ordovician and Devonian ages are preserved in 
the area.  
Two possible reasons for the thermal histories to apparently record cooling 
prior to Ancestral Rocky Mountain exhumation are given below.  First, the 
Paleozoic ages observed in the first 10% of the age spectra from western samples, 
may not be related to Paleozoic argon loss related to cooling, but may reflect 
argon release from low retentivity alteration products that formed prior to 
Ancestral Rocky Mountain time.  This has two consequences.  It requires K-
feldspar samples to cool by the late Precambrian by east-side-up movement in the 
Late Mesoproterozoic and west-side-up in the Neoproterozoic (assuming mica 
ages for the area record temperatures of 350-300°C at about 1350 Ma). Therefore, 
even if the samples have experienced alteration in the Paleozoic, they still seem to 
record two episodes of Precambrian movement.  This alteration scenario also 
requires that only some of the samples on the east side of the Ilse fault were 
affected and we see no present explanation why the alteration of the basement 
would be locally distributed on only one side of the fault. We would probably 
predict that alteration products are evenly distributed in the area and should be 
recorded by both east and west samples. 
Another explanation for the old apparent ages in the initial part of the 
spectra is incomplete separation by the isothermal heating steps of the excess 
argon component from the radiogenic argon component. Recall that we assumed 
that the minimum age recorded by isothermal heating steps did not contain excess 
40Ar, however we have no quantitative means to test this. The correction used by 
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Harrison et al. (1993; 1994) to remove Cl-correlated excess argon was not useful 
for these samples due to undetectable concentrations of 38Ar derived from Cl. 
Although we believe the excess argon observed in the initial heating steps is cited 
in fluid inclusions, the fluid inclusions appear to be non-Cl bearing, thus we 
cannot correct for excess argon hosted in fluid inclusions. Therefore, if our excess 
argon correction method does not completely provide the true radiogenic argon 
concentration distribution, the thermal histories will indicate cooling that predates 
the true inception of cooling. 
 Samples from the traverse across the NW segment of the Ilse fault also 
show important thermal ‘events’ at 1100 Ma, 800 Ma, and during the late 
Paleozoic (Fig. 22).  All samples in this traverse record ages approaching 1100 
Ma and are not easily meshed with the thermal history constructed from either 
block across the N-S fault trace.  Samples T01-IL-9f, T01-IL-10f, T01-IL-11f, 
and T01-IL-12f record cooling from 300° C to about 200° C at ca. 1100 Ma 
similar to eastern samples in the southern traverse, however they also record 
cooling from 200° to about 150° C after 800 Ma implying that these samples did 
not cool as much as eastern samples from 1100 to 900 Ma (Fig. 22).  Samples 
T01-IL-11f and T01-IL-12f continued to leak argon into the Paleozoic until final 
closure in the Late Paleozoic.  This is very similar to results obtained from sample 
T01-IL-2f and T01-IL-4f.  This is interesting in that these samples are all 
distributed west of the N-S trace of the Ilse fault segment at distances comparable 
and beyond to sample 1f.  An obvious thermal discordance across the NW 
segment of the Ilse fault is not easily resolved from the available data and implies 
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that the NW segment of the Ilse fault perhaps did not accommodate differential 
exhumation across this segment at 1100 Ma.   While the absence of a resolvable 
difference in thermal histories makes evaluation of the movement history of the 
NW-trending segment difficult, we do not feel that these data necessarily 
contradict those from samples to the south.   
There are several possibilities for explaining the northern traverse.  For 
instance there may be faults separating the two sample traverses that have not 
been identified by mapping.  Assuming that there is no fault separating the two 
sample traverses, perhaps there is substantial differential slip along the fault plane 
such that samples west of the N-S trace of the Ilse fault remained deeper than both 
samples east of the fault and samples to the north.  Examples of these ‘scissors’ 
faults with differential slip along strike are common and have been observed in 
Late Precambrian syn-sedimentary faults in Grand Canyon as well as faults in the 
Rio Grande rift.  The temperature differences between samples west of the N-S 
fault and samples to the north are small and northern samples may reflect some 
intermediate crustal level relative to samples to the east. 
B: Black Canyon and Unaweep Canyon, Colorado 
Thermal histories for both Black Canyon and Unaweep samples highlight 
similarities between the two areas, but also show distinct differences that reflect a 
coherent thermal history for this region.  Rocks from the Black Canyon record 
cooling through muscovite closure temperatures (350° C) at about 1350 Ma over 
the entire region (Shaw et al., in press).   Some areas in the region continued to 
cool through the biotite closure temperatures of about 350-300° C.  Biotite 
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samples from Unaweep Canyon record ca. 1.4 Ga apparent ages as do reported 
biotite age determinations near the Ute Indian fault (Shaw et al., in press).  Rocks 
in the heart of Black Canyon, notably samples collected across the Red Rocks 
fault, yield young biotite ages of about 1.2-1.1 Ga when biotite closed to argon 
loss (Fig. 19; Shaw et al., in press).  One can evaluate whether there was cooling 
at 1100 Ma due to exhumation of basement rocks as suggested by the monotonic 
thermal model or whether there was some reheating event at 1100 Ma that 
perturbed argon systematics in biotite as allowed by the unconstrained models.  
Cooling at this time in other parts of southern Colorado, including some rocks in 
the Ilse fault area was regional in scope and may be recorded in biotite in Black 
Canyon and K-feldspar in other areas.  There are no known ca. 1100 Ma igneous 
rocks in the immediate area to suggest local reheating, however we recognize that 
at this time there was widespread igneous activity (Pikes Peak Pluton ; numerous 
diabase dikes and sills widely distributed over much of New Mexico and Arizona 
(Howard, 1991) that may have elevated regional thermal gradients. 
We suggest that the age discrepancy between Red Rocks biotite samples 
and samples collected in Unaweep, Ute Indian, and other areas in Colorado and 
New Mexico reflects sampling of different 1100 Ma crustal levels.  In other words 
at 1100 Ma, samples in Black Canyon occupied a deeper crustal level than 
samples elsewhere in Colorado.  While there may have been widespread thermal 
affects at 1100 Ma (Howard, 1991), the absence of ca. 1100 Ma intrusions in 
Black Canyon argues against this factor being important to apparent ages 
determined from biotite.  The Ute Indian biotite samples require that these rocks 
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cooled at 1350 Ma to close biotite to argon loss, but K-feldspars must have 
remained open to argon loss, like K-feldspar from samples across the Red Rocks 
fault.  This implies that Ute Indian and Red Rocks samples were at different 
temperatures and hence perhaps at different crustal levels until 1100 Ma, after 
which time, all rocks record identical thermal histories. 
 Thermal histories generated from K-feldspars in Black Canyon area record 
very similar thermal histories with a few exceptions.  Samples from the Red 
Rocks fault sample traverse record cooling from about 300° C to about 275° C, 
between 800 and 700 Ma, like samples collected west of the N-S trace of the Ilse 
fault.  Samples then record residence at about 225° C until about 550 Ma, again 
similar in form to western Ilse samples only hotter and potentially deeper.  All 
samples record cooling from 250° C to about 150° C and perhaps less as most 
samples close to argon loss after about 500 Ma (Fig. 24).  We suggest that cooling 
of all samples occurred at this time and recognize that there is no evidence for a 
thermal discordance across this fault determined from K-feldspar analyses after 
1100 Ma.  The available data do allow for the observed apparent left lateral slip 
across the structure but limit the size of any dip slip component after 1100 Ma.  
From the Ute Indian fault sample traverse we learn that these samples record 
cooling from about 275° C to 175° C between about 650 Ma and 550 Ma.    Final 
closure to argon loss is modeled in the Late Paleozoic as samples cooled to 
<150°C (Fig. 25).  All samples are overlain by Triassic to lower Jurassic 
sediments, requiring all samples to cool to surface temperatures by the end of the 
Paleozoic.   
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 Unaweep Canyon K-feldspar samples, like mica samples, present a 
slightly different thermal history than Black Canyon samples.  From sample T01-
UN-2f, we postulate that samples cooled from about 300° C to about 250° C at 
about 1000 Ma followed by residence at 250° C until cooling below 150° C 
between 800 Ma and 700 Ma (Fig. 26).  The samples do not record ages less than 
700 Ma suggesting that both samples were effectively closed to argon loss after 
this time.  The post 700 Ma thermal history for these samples cannot be 
determined from these samples, however certain inferences can be made from 
geologic relationships.  Samples in Unaweep Canyon were also collected beneath 
deposits of Triassic strata suggesting that both Black Canyon and Unaweep 
samples had achieved surface temperatures by the end of the Paleozoic.  Because 
K-feldspars collected in Unaweep Canyon record older cooling than Black 
Canyon samples, we suggest that the magnitude of exhumation of the Unaweep 
block was less than the 5-6 km inferred from Black Canyon.  The presence of a 
large Ancestral Rockies age fault to the southwest of these samples suggests that 
these samples were not at the surface in the mid-Paleozoic and were exhumed 
from temperatures <150° C during Ancestral Rockies deformation.  We suggest 
that there was differential exhumation between the Unaweep and Black Canyon 
blocks during Ancestral Rockies deformation. 
 The following thermal history reconstruction attempts to explain all the 
relevant data from both Black Canyon and Unaweep outcrops.  We start the 
thermal history at 1400 Ma when biotite in Unaweep Canyon closed to argon loss 
(Fig. 28A).  Samples in Black Canyon record cooling through 350°C at about 
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1350 Ma after emplacement of the Vernal Mesa Granite (Fig. 28B), however it is 
unclear whether this cooling is related to overall erosion of the area after 1.4 Ga 
magmatism or whether samples record isobaric cooling to ambient temperatures 
after 1.4 Ga magmatism.   
Rocks from Unaweep Canyon and the Ute Indian fault area continue to 
cool through about 300° C, but Red Rocks samples remain deeper and hotter.  
Between 1100 and 1000 Ma rocks in the Red Rocks areas cool through the biotite 
closure temperature (350-300° C) and rocks in Unaweep Canyon continue to cool 
and the largest diffusion domains in K-feldspar begin to close (Fig. 28C).  We 
attribute this cooling to regional exhumation at this time and both Unaweep and 
Black Canyon samples cool together.  The implied temperature difference 
between samples in Unaweep and in Black Canyon is probably small (<50° C). 
Between 800 and 700 Ma, rocks in Unaweep Canyon cool and K-feldspars close 
to argon loss at temperatures less than 150° C.  Rocks across the Red Rocks fault 
cool from 300° C, recorded in biotite, to about 250° C and rocks from the Ute 
Indian fault remain warmer, probably between 275 and 300° C keeping these 
samples largely open to argon loss.  This is the first hint that there is any 
difference in thermal histories from the two Black Canyon traverses that may 
indicate subtle differences in crustal position at this time, however we are not 
completely confident that the thermal history models can faithfully resolve this 
small apparent temperature difference.  Because the subtle temperature difference 
is consistent with the spatial distribution of the samples, we prefer the 
interpretation that samples are at slightly different crustal levels and temperatures 
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(Fig. 28D).  Perhaps the more important observation is to note that the difference 
in temperatures between Black Canyon and Unaweep samples has increased and 
is not likely related to inaccuracy of the models, rather the samples were probably 
at least 100° C apart at this time (Fig. 28D).   
Between about 650 and 550 Ma, rocks from the Black Canyon record 
further cooling from about 250° C to about 150°C whereas Unaweep samples 
remain closed to argon loss and do not record late Neoproterozoic ages (Fig. 
28E).  Based on isopach maps we postulate that during the early Paleozoic 
basement rocks stabilized and were covered by a thin veneer of lower Paleozoic 
deposits (Fig. 28F) that would not have raised basement temperatures sufficient to 
cause argon loss from K-feldspars. Late Paleozoic deformation associated with 
the Ancestral Rockies orogeny cooled both Unaweep and Black Canyon samples 
with the latter recording cooling from 150-175° C to <150° C.   
Exhumation is implied to have continued until samples reached essentially 
surface temperatures (Fig. 28G) because Triassic deposits overlie all samples.  
This observation requires that all samples occupy the same crustal level by the 
Triassic and therefore the Black Canyon samples that were deeper in the late 
Neoproterozoic must have been exhumed from deeper crustal levels than rocks in 
Unaweep Canyon during the late Paleozoic.  A geologic explanation would 
require a fault between the Black Canyon and Unaweep Canyon areas to 
accommodate the juxtaposition.  We suggest a NW-striking NE-dipping reverse 
fault would be kinematically compatible with known Ancestral Rockies structures 
in the area, however such a structure may remain buried by Mesozoic sedimentary  
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Figure 28:  Block diagrams illustrating a cooling history of rocks in the Black 
Canyon and Unaweep Canyon area.  Sample T01-UN-2f records overall older 
apparent ages compared to Black Canyon samples. Samples T01-RR-7f and T01-
UI-3f are representative of the Black Canyon area and sample T01-UN-2f 
represents the Unaweep area.   Sample 2f records cooling into the K-feldspar 
closure window at about 1100 Ma, while samples 7f and 3f remain at 
temperatures allowing argon loss from the sample.  At about 800 Ma all samples 
record cooling in the region, with sample UN-2f cooling to below its argon 
closure temperature.  Both 7f and 3f continue to leak argon into the Paleozoic and 
completely close to argon loss by the end of Ancestral Rockies deformation. 
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rocks.  The area then underwent regional burial during the Mesozoic, but deposits 
did not reach sufficient thickness to cause argon loss (Fig. 28H).  Regional uplift 
of the Colorado Plateau, Rocky Mountains, and Uncompahgre Plateau beginning 
in the late Cretaceous is not recorded by K-feldspars but is recorded by 
denudation of Mesozoic strata and exposure of basement rocks during incision by 
regional fluvial systems (Fig. 28I). 
 The combined thermal histories paint a detailed picture of episodic and 
temporally distinct cooling for different crustal blocks.  Important thermal 
(cooling) ‘events’ at 1100, 800 Ma and perhaps during the late Paleozoic suggest 
dynamic interplay between plate boundary stresses and intracratonic deformation.  
The observation that rocks of the Black Canyon record cooling from fairly high 
temperatures in the latest Neoproterozoic is interesting and suggests active 
tectonics at this time in this region. Perhaps this exhumation is coupled with 
Cambrian magmatism in the area that represents a connection to the developing 
rift margin along the southeastern margin of Laurentia. 
 
Interpetation of regional thermochronologic differences 
An ever growing K-feldspar thermochronology data set suggests that 
tectonic events in the Precambrian played a critical role in the eventual 
exhumation of mid-crustal rocks and development of the regional unconformity 
separating basement crystalline rocks from Phanerozoic sedimentary cover.  Over 
much of the Colorado Plateau and Rocky Mountain region, hornblende and mica 
thermochronometers shed important light on the intracratonic response to regional 
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heating by widespread plutonism at mid-crustal levels at ca. 1.4 Ga.  The history 
of exhumation of mid-crustal rocks following the 1.4 Ga event is partially 
recorded by K-feldspar thermochronology.  
 Samples from the Northern Wet Mountains record a protracted history of 
cooling with important thermal ‘events’ at ~1100 Ma, ~800 Ma, and during late 
Paleozoic deformation.  The Ilse fault also separates crustal blocks with differing 
thermal histories suggesting a long-lived history of movement from the Late 
Precambrian to the Laramide orogeny.  Segments of the Ilse fault system first 
moved in the late Mesoproterozoic.  The regional record of intracratonic 
deformation and sedimentation during the late Mesoproterozoic continues to grow 
and K-feldspar thermochronology adds a new piece to the puzzle.  During the 
Grenville orogeny, sediments were transported great distances from the Grenville 
highlands into the continental interior as suggested by detrital zircon and mica 
studies in Grand Canyon (see chapter 3).  Associated with deposition of this 
sediment, is widespread extensional deformation at a regional scale affecting 
rocks in Grand Canyon (as NW-striking normal faults) and perhaps in parts of 
eastern New Mexico and Colorado (also as NW-striking normal faults inferred 
from well data and geophysical studies; (Tweto, 1983; Sims, 2002; Fig. 17A). In 
the Rocky mountain region, exposed basement rocks were residing at elevated 
temperatures and inferred depths of about 5-6 km.  K-feldspar thermochronology 
suggests that while sediment was being deposited in structurally controlled basins 
in some areas, other areas experienced cooling that we infer to be related to 
tectonic exhumation.  The age spectra do not allow for an exhumation rate 
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because confidence windows in the thermal histories can span nearly 100 My.  
We can however infer that elevated cooling rates are associated with regional 
deformation.  We chose to dismiss reheating as a likely mechanism for producing 
1100 Ma flat segments in K-feldspar age spectra.  The ca. 1100 tectonic event is 
intimately associated with mafic magmatism over a broad region (Fig. 17A).  In 
Grand Canyon, Central Arizona, New Mexico and Colorado 1100 Ma mafic 
magmatism occurs as small (~10 m) dikes in basement rocks and thick (400 m) 
sills in Mesoproterozoic sedimentary successions.  In basement rocks, the thermal 
affects from these widely distributed intrusions are very small and commonly 
produce a bake zone less than 1m wide with no evidence for contact 
metamorphism.  This suggests that basement rocks in the Rocky Mountain region 
in general did not experience resolvable reheating, unless one approaches large 
intrusions, such as the ca. 1.1 Ga Pikes Peak pluton. 
 800 Ma deformation associated with the incipient rifting of western North 
America is also recorded in the continental interior, but is manifested in different 
ways depending on proximity to the rift margin.  In Grand Canyon, syn-
sedimentary N-S striking normal faults accommodate intracratonic deformation 
associated with rifting, analogous to Triassic basins in eastern North America 
during the break-up of Pangea (Fig. 17B).  Reactivation of Neoproterozoic normal 
faults in Grand Canyon produced the characteristic Laramide monoclines 
observed over much of the Colorado Plateau.  The distribution, kinematics, and 
structural style of Laramide monoclines suggest a common mechanism for 
formation and a widely dispersed distribution of Precambrian faults beneath the 
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Colorado Plateau.  Within the Rocky Mountain region the magnitude of Laramide 
structures makes such evaluation more difficult even though workers have 
suggested Proterozoic ancestry for Rocky Mountain faults (Marshak et al., 2000).  
Here again K-feldspar thermochronology indicates that the Rocky Mountain 
region underwent episodic and regional cooling of basement rocks at ca. 800 Ma.   
Rocks in the Ilse fault area record substantial cooling at 800 Ma, which is 
hard to reconcile without a tectonic mechanism for cooling and exhumation.  Two 
alternate mechanisms may be playing an important role in generating significant 
numbers of ca. 800 Ma results across the Rocky Mountain region.   
Studies along the Picuris-Pecos fault in northern New Mexico have 
documented metasomatized breccia zones that were originally postulated by 
Bauer and Ralser (1995) to be Late Proterozoic in age based on mapping.  Later 
studies report age discordances across the Pecos fault (Melis, 2000) and new data 
suggest that the growth of K-feldspar during metasomatism occurred in the Late 
Proterozoic (Sanders and Heizler, 2003).  We acknowledge that the migration of 
thermal fluids at this time is possible for the southern Colorado field areas and 
could have played some role in the resultant age spectra, but we also recognize 
that samples collected for this study showed no evidence for metasomatism.  
Further, we would not predict that mid-crustal thermal fluids would affect rocks 
on one side of the fault and not samples from the other side, especially when one 
considers the proximity of samples across the fault. 
Age spectra in the Black Canyon area record overall young flat segments 
that suggest cooling between 600 and 500 Ma, and have no match with other 
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samples in this study.  Some, such as the Red Rocks samples record these 
apparent ages in their smallest diffusion domains, however significant excess 
argon, makes an unambiguous geologic interpretation difficult.  Other samples, 
like the Ute Indian samples, record these ages over a large percentage of the 39Ar 
released, where the effects of excess argon are believed to be small.  Do these 
ages have geologic meaning in southern Colorado?  We chose not to dismiss these 
apparent ages, and suggest that they are recording cooling at this time.  The 
Uncompahgre trend can be traced into northern New Mexico as part of the Brazos 
uplift and perhaps into the Cimarron Mountains (depending on the amount of 
right lateral slip during the Laramide along Rio Grand Rift-parallel faults).  The 
Rocky Mountain Front to the east truncates the trend.  This trend has been 
postulated to be a continuation of the 550 Ma Oklahoma aulocogen (Larson et al., 
1985; Karlstrom and Humphreys, 1998), and we tentatively support this 
hypothesis based on the available data.   
During the Late Paleozoic, the southwestern U. S. experienced a new 
pulse of deformation that resulted in basement-cored uplifts flanked by 
sedimentary basins (Kluth and Coney, 1981).  Where there is a robust late 
Paleozoic sedimentary record, such as the Uncompahgre uplift and proximal 
Paradox Basin, identifying faults that moved during deposition is easier than areas 
where the magnitude of the faults were small or the sedimentary record has been 
removed by Laramide tectonism.  K-feldspar may provide important clues as to 
location and magnitude of Ancestral Rockies faults.  For the Ilse fault area, we 
infer differential cooling across the Ilse fault such that the east side was at the 
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surface with overlying lower Paleozoic sedimentary rock while rocks west of the 
fault were at elevated temperatures, perhaps about 150°C.  This conclusion would 
not have been possible without the latest thermochronology.  Is the inferred 
temperature too high and are K-feldspar thermochronometers somehow altered to 
yield anomalous ages?  Reheating at this time seems unreasonable when 
considering the paucity of thermal sources (intrusions) at this time.  Geissman and 
Harlan (2002) report widely distributed remagnetization of a late Paleozoic 
affinity in basement rocks.  They associate the secondary magnetization, 
commonly carried by hematite, to fluid migration in basement rocks near the 
nonconformity and during regional intracratonic deformation.  Whether fluid 
migration responsible for crystallization of hematite in basement rocks also 
caused argon loss from basement K-feldspars remains uncertain.  We feel the 
possible connection is worthy of further study, however, we are skeptical that 
regional fluid migration would result in a biased distribution of altered K-
feldspars at depths of 100s to 1000s of m beneath the unconformity (required for 
Black Canyon samples).  Despite the uncertainties associated with K-feldspar 
thermochronology, we feel that the age discrepancies reported here are difficult to 
reconcile with either reheating or fluid alteration.  We tentatively conclude that 
basement K-feldspars do in fact record cooling and inferred exhumation at 1100 
and 800 Ma, and perhaps in the late Paleozoic and some locations preserve 
thermal discordances that require differential exhumation over very short length 
scales. 
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K-feldspars are limited in value when attempting to estimate the 
magnitude of Ancestral Rockies uplifts. For example, in Black Canyon region, 
where geologic studies suggest the largest amount of exhumation in the Late 
Paleozoic, K-feldspars do not generally record cooling at this time.  Most samples 
are either complicated by excess argon (especially for Red Rocks samples), or 
were already closed to argon loss prior to Ancestral Rocky Mountain denudation. 
Although we are hesitant to strongly conclude about the amount of cooling this 
region experienced in the Late Paleozoic the 150-175°C temperature estimates for 
some samples in this region are compatible with cross sections that show as much 
as 10 km of offset on the basement surface across the frontal Uncompahgre thrust 
(Ye et al., 1996). 
Summary: 
Basement K-feldspars for southern Colorado record a long history of 
episodic cooling that we infer to document regional scale exhumation in the 
Proterozoic and Paleozoic.  Common ages are found in all samples that suggest 
that certain times in the Late Proterozoic were important to regional exhumation 
of basement rocks during the development of the ‘Great Unconformity’ in the 
southwestern U.S.  Samples record important cooling ‘events’ that we interpret as 
elevated exhumation rates at about 1100 Ma, 800 Ma, perhaps 600 Ma, and 
during the late Paleozoic.  These ages represent important, punctuated 
intracratonic responses to plate scale deformation. 
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40Ar/39Ar METHODS AND AGE CALCULATIONS 
 
A variety of methods were used to obtain the 40Ar/39Ar data reported here, 
however some equipment and methods are common to all experiments. All 
isotopic data were measured with a MAP-215-50 mass spectrometer equipped 
with a Johnston electron multiplier.  The multiplier is operated at about 2.2 kV 
and yields a gain above the faraday collector of about 7000. Typical sensitivity 
values were 2.5e-16 mol/pA and 1.0 mol/pA for the furnace and laser systems, 
respectively. Resolution at 5% peak-height at mass 40 was typically 600.  
Additional information about the New Mexico Geochronology Research 
Laboratory can be found within New Bureau of Geology and Mineral Resources 
open file report OF-AR-1 at 
http://geoinfo.nmt.edu/publications/openfile/argon/home.html. 
 
 
Furnace Step-Heating: 
K-feldspars from basement samples and biotites and hornblendes from the 
sill samples were step-heated in a double vacuum Mo resistance furnace. Heating 
times for the K-feldspars were highly variable and are designed to maximize 
recovery of the diffusion coefficients and to resolve excess argon contamination 
by performing several isothermal replicate-heating steps.  Heating time for biotite 
and hornblende was 7 minutes for each step. All furnace samples were gettered 
during heating using a SAES GP-50 getter operated at ~450°C. Following 
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heating, gas was expanded to a second-stage of the extraction line were it was 
reacted with 2 GP-50 getters  (one at 20°C, one at ~450°C) and a W filament 
operated at about 2000°C. Typical K-feldspar gettering time in the second stage 
was 2 minutes, whereas biotite and hornblende were gettered for 4 minutes.  The 
furnace thermocouple was calibrated by melting copper foil and typically the 
recorded temperature underestimated the sample temperature by 40-100°C. For 
the K-feldspar data, correction of thermocouple temperature to the Cu foil melting 
point was done on a sample-by-sample basis and the reported temperature in the 
data table is calibrated to the foil melting. Estimated accuracy of the heating 
temperature is ±15°C for any given step. 
 Blanks and backgrounds for the K-feldspars were typically determined 
during a 15-minute, 800°C blank run. For the long and higher temperature heating 
steps this method under-corrects the true blank and therefore the reported 
radiogenic yield for these steps contains atmospheric argon that is not solely 
derived from the samples. Because of the age and high K-content of the K-
feldspars, the blank contribution is very minor as reflected by the very high 
radiogenic yields for all heating steps. Blanks for the biotite and hornblende were 
run before, during and after the step heating and typically yielded values of 2e-15, 
1.2e-17, 5e-18, 4e-18, and 8e-18 moles for masses 40, 39, 38, 37 and 36, 
respectively. 
 
Laser Step-Heating and Total Fusion: 
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 Detrital muscovites were either fused or step-heated with a Synrad 50 W 
CO2 laser. Total fusion was accomplished with a focused 1.6 W laser bean and a 
20 second heating, whereas step heating used a defocused beam with a heating 
time of 2 minutes. Gas was cleaned during heating and for an additional 3 to 5 
minutes using 2 GP-50 getters  (one at 20°C, one at ~450°C), a W filament 
operated at about 2000°C and reaction with a cold finger operated at –140°C.  
Blanks plus backgrounds for the detrital mineral analyses were typically: 5e-16, 
6e-18, 1e-18, 3e-18, 3e-18 moles for masses 40, 39, 38, 37 and 36, respectively. 
 
Irradiations, Flux monitoring and age calculations: 
 Irradiations were preformed at both the University of Michigan Ford 
reactor (position L-67) and the Hamilton, Canada McMaster reactor (position 5C). 
Michigan irradiations were typically 100 hours and samples were irradiated 
within an evacuated quartz vial. The McMaster irradiation was 41.7 hours with 
samples being irradiated in air with while enclosed within an Al vessel. 
Fluence gradients were monitored with Fish Canyon (FC) sanidine. Typically 
fusing 4 crystals from each location monitored 4 to 6 locations within individual 
sample trays. A sine curve was fit to the mean value of each location and J-factors 
were determined for the unknowns based on their geometry and the calculated 
curve. J-factor errors are estimated at 0.1 to 0.2% (1σ). Correction factors for 
interfering reactions were measured with K-glass and CaF2. Typically 4 to 5 
grains of each were fused with the CO2 laser to obtain a weighted mean value for 
each correction factor.  
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 Reported ages for step-heated samples are weighed by the inverse variance 
for the indicated steps. MSWD values are calculated for each weighted mean and 
errors are determined using the method of Taylor (1982). If the MSWD value is 
greater than 1, the error is multiplied by the square root of the MSWD. No strict 
plateau criteria were adhered to; rather weighted means were calculated for the 
flattest parts of each age spectrum. Total gas ages and errors were calculated by 
quadradically summing isotopic values from each heating step. For isochron 
analysis, the York (1969) regression method was used for age assignment. For 
construction of the age probability diagram of the detrital muscovites, the total 
fusion ages were increased by 0.8% based on the observation that the average 
difference between assigned plateau age and total gas age for the step-heated 
samples was this value. Errors for the total fusion muscovites were increased to 
10 Ma to account for uncertainty of the age increase method. 
 
Monitor age and decay constants: 
 The assigned age of Fish Canyon sanidine is 28.27 Ma and the total 40K 
decay constant is 5.476e-10/a. At present there is no accepted value for the age of 
FC sanidine (Renne et al., 1998, Lanphere, 2000), however there as been 
considerable recent work towards determining and evaluating the monitor age and 
40K decay constants (Min et al., 2000, Kwon, 2002, Min, 2003). These recent 
papers have recognized that 40Ar/39Ar ages based on an age of 28.02 Ma for FC 
sanidine and decay constants recommended by Steiger and Jäger (1977) yield 
younger results compared to U/Pb ages for samples that should not be discordant. 
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In the near future it is expected that new decay constants for 40K will be 
recommended based upon the U/Pb system and therefore ages reported here use 
the values of Kwon et al. (2002) in anticipation of this change. We recognize that 
these values used here will likely not be the final accepted values, but feel that 
they best reflect our present knowledge. 
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Appendix 2: 
40Ar/39Ar K-feldspar, hornblende, and mica 
analytical data for Chapter 3 
TABLE: 1
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
H02-81-3 K-feldspar, K:1:158, wt. = 0.65 mg,  J=0.0115634±0.16%, D=1.00743±0.00124, NM-158,  Lab#=53649-01
A 450 131.4 0.0128 68.60 1.10 39.74 84.6 0.498 1509.1 6.3 10.2
B 450 37.46 0.0168 7.203 0.76 30.44 94.3 0.842 625.1 4.5 20.2
C 450 39.90 0.0267 5.714 0.614 19.13 95.8 1.12 667.9 4.8 28.7
D 450 45.73 0.0229 3.904 0.79 22.28 97.5 1.48 758.7 4.8 45.3
E 500 49.77 0.0014 0.0317 0.403 367.8 100.0 1.66 829.6 7.5 10.0
F 500 51.28 0.0253 1.176 0.722 20.14 99.3 1.99 845.4 4.4 20.3
G 500 56.17 0.0105 2.614 0.88 48.67 98.6 2.39 903.7 4.4 28.5
H 500 58.77 0.0039 2.236 1.19 131.5 98.9 2.93 938.3 4.1 45.2
I 550 66.46 0.0083 4.148 1.49 61.14 98.2 3.61 1026.1 3.1 9.92
J 550 68.72 0.0055 1.250 1.95 93.08 99.5 4.49 1063.3 3.3 19.8
K 550 72.50 0.0038 0.7749 2.11 135.8 99.7 5.45 1108.9 3.7 28.3
L 550 74.90 0.0034 1.019 2.21 150.0 99.6 6.45 1135.5 3.2 45.0
M 600 78.50 0.0100 3.501 2.20 50.88 98.7 7.45 1167.7 3.5 9.82
N 600 79.87 0.0062 0.3543 2.66 82.39 99.9 8.66 1193.2 3.0 19.9
O 600 78.87 0.0060 0.7564 2.44 84.72 99.7 9.76 1180.9 4.1 28.2
P 600 80.55 0.0090 0.4287 2.46 56.91 99.8 10.9 1200.4 3.0 44.9
Q 650 81.93 0.0124 3.577 2.39 40.99 98.7 12.0 1205.3 3.3 10.2
R 650 81.17 0.0054 0.2151 2.30 94.49 99.9 13.0 1207.9 3.8 20.3
S 650 82.52 0.0088 0.5770 2.04 58.09 99.8 13.9 1221.4 3.0 28.7
T 700 83.24 0.0075 1.386 3.42 68.16 99.5 15.5 1226.5 3.2 10.0
U 700 81.85 0.0079 0.9502 2.92 64.97 99.7 16.8 1212.9 3.0 20.2
V 700 82.58 0.0088 1.678 2.27 58.16 99.4 17.8 1218.5 3.1 28.4
W 750 81.64 0.0089 1.385 2.32 57.41 99.5 18.9 1209.2 3.5 10.5
X 750 82.36 0.0085 0.4760 2.79 60.11 99.8 20.2 1220.0 4.3 20.5
Y 750 82.07 0.0089 0.9574 2.74 57.22 99.7 21.4 1215.2 2.9 28.9
Z 800 81.01 0.0117 1.313 2.83 43.69 99.5 22.7 1202.6 3.3 10.3
ZA 800 82.92 0.0098 0.7367 3.71 52.15 99.7 24.4 1225.1 3.0 20.4
ZB 850 81.77 0.0109 0.8681 4.97 46.88 99.7 26.6 1212.3 2.6 10.7
ZC 850 82.72 0.0098 1.001 5.47 52.06 99.6 29.1 1222.2 2.3 20.6
ZD 900 81.35 0.0133 0.9398 6.37 38.30 99.7 32.0 1207.5 2.7 10.5
ZE 900 80.35 0.0121 1.158 6.91 42.33 99.6 35.2 1195.9 2.7 20.5
ZF 950 78.07 0.0143 1.286 6.79 35.71 99.5 38.2 1170.2 2.2 10.7
ZG 950 77.53 0.0164 1.105 7.20 31.19 99.6 41.5 1164.8 2.6 20.6
ZH 1000 77.15 0.0211 1.602 6.91 24.13 99.4 44.6 1159.0 2.1 10.5
ZI 1000 79.71 0.0217 1.658 7.5 23.51 99.4 48.0 1187.2 2.3 20.7
ZJ 1050 80.26 0.0271 1.815 7.4 18.85 99.3 51.4 1192.7 2.6 10.7
ZK 1050 81.17 0.0288 1.761 7.9 17.72 99.4 55.0 1202.9 2.1 20.8
ZL 1100 80.23 0.0403 1.503 4.89 12.67 99.5 57.2 1193.5 2.1 10.7
ZM 1100 80.52 0.0325 1.209 7.6 15.70 99.6 60.6 1197.5 2.4 20.7
ZN 1100 81.66 0.0246 1.219 14.0 20.77 99.6 67.0 1210.0 2.1 55.7
ZO 1100 86.02 0.0252 1.271 14.8 20.25 99.6 73.7 1256.7 1.6 116
ZP 1100 89.18 0.0417 2.636 11.7 12.22 99.1 79.1 1285.7 1.9 236
ZQ 1200 89.55 0.0118 0.8366 5.16 43.37 99.7 81.4 1295.0 3.0 5.57
ZR 1250 89.47 0.0144 0.8209 14.0 35.42 99.7 87.7 1294.3 2.2 5.62
ZS 1350 92.65 0.0487 0.4731 6.34 10.48 99.9 90.6 1328.1 2.0 5.80
ZT 1650 85.72 0.1718 2.187 20.7 2.970 99.3 100.0 1250.8 2.7 5.35
Integrated age ± 1s n=46 220.3 K2O=11.26 % 1213.9 1.9
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TABLE: 1
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T02-86-2 K-feldspar, K:7:158 ,  wt. = 2.08 mg,  J=0.0113757±0.17%, D=1.00743±0.00124, NM-158,  Lab#=53653-01
A 450 224.3 0.0076 84.64 2.66 66.76 88.8 0.385 2161.9 5.4 8.86
B 450 47.60 0.0074 6.094 1.25 68.64 96.2 0.566 765.5 4.7 19.6
C 450 47.03 0.0071 4.842 1.00 71.71 97.0 0.711 762.7 5.8 27.6
D 450 48.47 0.0053 5.436 1.07 95.95 96.7 0.866 779.9 5.2 44.5
E 500 53.22 0.0074 5.976 1.19 69.36 96.7 1.04 841.0 4.8 8.93
F 500 52.34 0.0024 2.396 1.54 211.2 98.6 1.26 843.4 4.0 19.1
G 500 54.77 0.0044 4.034 1.56 115.6 97.8 1.49 868.7 4.1 27.4
H 500 58.07 -0.0008 2.986 1.84       - 98.5 1.75 914.7 3.9 44.1
I 550 62.96 0.0026 3.416 2.04 194.3 98.4 2.05 973.8 4.5 8.52
J 550 63.58 0.0008 0.5621 2.75 603.1 99.7 2.45 991.4 3.0 18.9
K 550 67.74 0.0032 1.244 2.85 157.1 99.5 2.86 1038.7 3.0 27.2
L 550 70.92 0.0017 1.796 3.43 300.5 99.3 3.36 1073.8 2.5 43.8
M 600 74.80 0.0026 1.751 3.27 199.6 99.3 3.83 1118.1 2.8 8.40
N 600 77.55 0.0019 0.6695 4.39 275.5 99.7 4.46 1152.4 2.7 18.6
O 600 80.82 0.0022 0.8872 4.35 234.1 99.7 5.09 1187.5 2.8 26.8
P 600 84.21 0.0006 1.334 4.83 872.7 99.5 5.79 1222.5 2.6 44.1
Q 650 86.25 0.0028 1.428 4.07 184.9 99.5 6.38 1243.7 3.2 9.58
R 650 86.29 0.0021 0.7641 5.55 242.0 99.7 7.18 1246.3 2.6 19.2
S 650 87.12 0.0011 0.5819 5.64 475.0 99.8 8.00 1255.5 2.2 27.6
T 700 88.58 0.0016 1.773 7.26 325.2 99.4 9.05 1267.1 2.8 9.08
U 700 89.01 0.0024 0.6883 8.4 215.2 99.8 10.3 1274.8 2.4 19.1
V 700 89.91 0.0031 0.7355 7.8 166.7 99.8 11.4 1283.9 2.7 27.5
W 750 89.69 0.0035 0.9885 9.0 144.1 99.7 12.7 1280.9 2.2 9.69
X 750 90.69 0.0032 0.3974 9.9 160.5 99.9 14.1 1292.9 2.5 19.7
Y 750 90.20 0.0026 0.7541 9.3 194.0 99.8 15.5 1286.9 2.3 28.0
Z 800 90.46 0.0038 1.137 8.9 135.2 99.6 16.8 1288.4 2.7 9.45
ZA 800 91.10 0.0034 0.4412 11.5 151.8 99.9 18.4 1297.0 2.1 19.4
ZB 850 90.81 0.0033 0.6109 13.9 153.2 99.8 20.4 1293.5 3.0 9.80
ZC 850 91.17 0.0028 0.5965 15.7 181.9 99.8 22.7 1297.2 2.4 19.9
ZD 900 89.75 0.0043 0.5229 17.1 117.9 99.8 25.2 1282.9 2.3 9.6
ZE 900 89.84 0.0034 0.4336 20.4 150.4 99.9 28.1 1284.2 2.7 19.6
ZF 950 87.83 0.0038 0.7091 21.5 135.9 99.8 31.2 1262.5 2.5 10.1
ZG 950 87.76 0.0037 0.4421 25.0 138.8 99.9 34.9 1262.6 2.6 20.2
ZH 1000 85.59 0.0052 0.7997 28.3 97.48 99.7 39.0 1238.8 1.8 9.86
ZI 1000 87.09 0.0044 0.5769 30.5 115.7 99.8 43.4 1255.2 2.2 19.8
ZJ 1050 85.39 0.0061 0.7267 32.6 83.23 99.7 48.1 1236.9 1.9 10.2
ZK 1050 87.55 0.0069 0.6095 32.8 74.33 99.8 52.8 1259.9 2.6 20.4
ZL 1100 87.15 0.0093 1.040 32.4 54.63 99.6 57.5 1254.5 1.8 10.2
ZM 1100 86.89 0.0099 0.8162 39.6 51.46 99.7 63.2 1252.4 2.6 20.0
ZN 1100 87.90 0.0085 0.7235 61.5 59.87 99.8 72.1 1263.2 2.3 54.8
ZO 1100 90.34 0.0055 0.6844 65.8 92.00 99.8 81.7 1288.6 2.0 115
ZP 1100 91.41 0.0065 1.016 42.5 78.60 99.7 87.8 1298.5 1.7 235
ZQ 1200 91.68 0.0029 0.7286 5.04 178.8 99.8 88.6 1302.0 2.9 4.64
ZR 1250 91.48 0.0020 1.147 5.99 256.1 99.6 89.4 1298.8 2.8 4.86
ZS 1350 92.43 0.0088 2.023 2.28 58.02 99.4 89.8 1305.9 4.5 4.92
ZT 1650 91.62 0.0138 0.7757 70.8 36.96 99.8 100.0 1301.3 2.5 2.06
Integrated age ± 1s n=46 690.8 K2O=11.21 % 1266.8 2.0
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TABLE: 1
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
H02-87.5-3 K-feldspar, K:2:158,  wt. = 2.91 mg,  J=0.011552±0.16%, D=1.00743±0.00124, NM-158,  Lab#=53650-01
A 450 115.3 0.0062 45.79 7.6 82.24 88.3 0.572 1419.3 3.2 9.89
B 450 31.30 0.0030 2.811 3.40 167.3 97.3 0.826 550.3 1.9 20.2
C 450 33.70 0.0008 1.530 2.71 625.6 98.7 1.03 593.0 2.2 28.5
D 450 36.82 0.0016 1.464 2.74 309.4 98.8 1.23 640.3 2.2 44.6
E 500 40.66 0.0021 1.105 2.54 238.2 99.2 1.42 698.1 2.1 9.09
F 500 44.95 0.0018 0.6071 3.33 281.6 99.6 1.67 760.9 2.3 19.2
G 500 50.72 -0.0015 1.092 3.18       - 99.4 1.91 837.4 2.2 27.5
H 500 56.71 0.0006 1.034 3.45 816.3 99.5 2.17 915.8 2.7 44.1
I 550 63.11 0.0011 2.317 3.22 470.7 98.9 2.41 991.2 2.0 8.77
J 550 68.41 0.0006 0.7431 3.98 820.1 99.7 2.71 1060.5 3.0 19.0
K 550 73.48 -0.0012 0.6033 3.72       - 99.8 2.98 1119.9 2.2 27.2
L 550 77.77 0.0004 0.6445 3.90 1244.7 99.8 3.27 1168.1 2.7 44.1
M 600 74.15 0.0026 5.176 7.6 195.8 97.9 3.84 1112.1 2.2 8.92
N 600 84.59 0.0005 1.056 4.75 954.0 99.6 4.20 1241.2 2.4 18.9
O 600 85.95 0.0003 0.6018 4.58 1558.8 99.8 4.54 1257.1 3.0 27.0
P 600 87.00 0.0004 1.189 4.89 1321.1 99.6 4.90 1266.4 2.6 43.7
Q 650 84.99 0.0000 1.268 4.50 11414 99.6 5.24 1244.7 3.5 9.61
R 650 86.07 0.0013 0.9073 6.45 394.6 99.7 5.72 1257.4 3.0 19.8
S 650 87.74 0.0004 0.7205 5.70 1276.1 99.8 6.15 1275.6 2.5 27.8
T 700 84.91 0.0011 0.5180 7.26 474.2 99.8 6.69 1246.3 2.4 9.07
U 700 86.11 0.0011 0.2654 8.4 457.2 99.9 7.32 1259.8 2.5 19.2
V 700 84.92 0.0008 0.3032 8.0 624.2 99.9 7.92 1247.1 1.8 27.5
W 750 84.66 0.0006 0.3250 7.7 823.3 99.9 8.49 1244.3 2.3 9.66
X 750 83.65 0.0007 0.3977 10.1 763.9 99.9 9.24 1233.2 2.1 19.7
Y 750 83.23 0.0007 0.4762 9.5 715.3 99.8 10.0 1228.4 2.5 28.7
Z 800 82.62 0.0000 0.9781 8.5       - 99.7 10.6 1220.3 2.4 9.54
ZA 800 82.38 0.0015 0.5767 10.8 341.4 99.8 11.4 1219.0 2.0 19.6
ZB 850 81.77 0.0021 0.4027 12.4 248.3 99.9 12.3 1212.9 1.9 9.94
ZC 850 80.19 0.0016 0.3647 14.9 320.4 99.9 13.4 1195.7 2.6 20.0
ZD 900 79.27 0.0023 0.7063 15.6 221.4 99.7 14.6 1184.5 2.0 9.75
ZE 900 78.51 0.0024 0.3451 18.7 215.8 99.9 16.0 1177.4 2.5 19.6
ZF 950 76.19 0.0029 0.8062 21.2 174.4 99.7 17.6 1149.9 2.4 10.0
ZG 950 74.60 0.0032 0.5712 26.0 161.0 99.8 19.5 1132.8 2.4 20.1
ZH 1000 71.16 0.0038 0.9918 33.1 132.9 99.6 22.0 1091.9 1.8 9.81
ZI 1000 70.66 0.0038 0.6497 46.4 135.0 99.7 25.5 1087.3 1.5 19.8
ZJ 1050 68.74 0.0049 0.8295 66.6 104.4 99.6 30.4 1064.2 2.4 9.87
ZK 1050 69.94 0.0048 0.6767 74.3 107.0 99.7 36.0 1078.7 1.9 20.0
ZL 1100 66.86 0.0046 0.6605 86.5 110.4 99.7 42.5 1042.5 2.6 9.78
ZM 1100 67.92 0.0041 0.6176 82.6 124.2 99.7 48.6 1055.2 1.7 20.0
ZN 1100 68.73 0.0038 0.5350 127.3 133.6 99.8 58.2 1065.0 2.3 54.6
ZO 1100 69.74 0.0034 0.5579 153.2 149.8 99.8 69.6 1076.8 2.0 115
ZP 1100 72.58 0.0038 0.5568 151.0 135.4 99.8 80.9 1109.8 2.4 236
ZQ 1200 73.72 0.0013 0.3327 85.5 391.2 99.9 87.3 1123.6 2.4 5.66
ZR 1250 78.10 0.0016 0.3453 102.9 322.8 99.9 95.0 1172.8 2.2 5.82
ZS 1350 78.50 0.0109 0.5438 23.1 46.84 99.8 96.7 1176.6 2.6 5.75
ZT 1650 78.86 0.0514 0.8105 44.1 9.928 99.7 100.0 1179.8 2.0 5.36
Integrated age ± 1s n=46 1337.8 K2O=15.29 % 1109.9 1.8
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TABLE: 1
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
 K6-91.1-1 K-feldspar, S2:68, 3.15 mg,  J=0.015393±0.10%, D=1.00799±0.00121, NM-68,  Lab#=8031-01
A 500 80.88 -0.2400 21.25 1.43       - 92.2 0.046 1395.7 3.9 4.76
B 500 24.77 -0.7503 -5.0875 0.648       - 105.8 0.067 618.1 7.4 11.3
C 550 25.70 -0.3630 -5.2807 1.48       - 106.0 0.115 638.7 3.4 6.04
D 550 28.65 -0.4135 -5.8992 1.38       - 106.0 0.160 699.7 3.6 11.1
E 600 40.37 0.0410 1.774 2.81 12.44 98.7 0.252 873.1 2.1 5.53
F 600 47.76 0.0195 1.888 3.11 26.12 98.8 0.353 996.9 1.8 11.8
G 650 56.48 0.0134 0.7861 5.19 38.00 99.6 0.523 1138.7 2.1 6.60
H 650 63.42 0.0245 1.218 3.99 20.82 99.4 0.655 1238.5 2.1 11.5
I 700 65.68 0.0111 0.4830 6.48 46.04 99.8 0.869 1273.5 2.1 6.84
J 700 69.51 0.0127 1.841 3.75 40.23 99.2 0.994 1320.9 2.2 12.0
K 750 68.20 0.0183 0.5551 5.76 27.87 99.8 1.187 1308.1 2.1 6.58
L 800 67.11 0.0138 0.8253 8.75 37.01 99.6 1.482 1292.0 1.8 6.51
M 850 65.29 0.0157 0.5616 10.6 32.53 99.7 1.843 1267.7 1.9 6.36
N 900 63.33 0.0143 0.6645 12.3 35.77 99.7 2.267 1239.5 2.1 6.83
O 950 62.37 0.0123 0.5583 14.0 41.36 99.7 2.755 1226.2 2.0 6.57
P 1000 60.15 0.0017 0.3678 12.9 293.6 99.8 3.210 1194.9 1.8 2.94
Q 1050 58.61 0.0077 0.3839 27.2 65.96 99.8 4.194 1172.2 2.0 4.23
R 1100 59.58 0.0082 0.2726 57.3 61.97 99.9 6.364 1186.9 2.8 6.79
S 1100 63.04 0.0126 0.3416 107.5 40.47 99.8 10.8 1236.8 3.7 26.8
T 1100 65.19 0.0113 0.3961 107.3 44.98 99.8 15.9 1267.0 3.6 57.0
U 1100 66.68 0.0128 0.8003 91.7 39.80 99.6 20.8 1286.1 2.8 117
V 1100 68.10 0.0122 1.428 93.1 41.70 99.4 26.4 1303.2 2.7 237
W 1100 68.99 0.0129 2.062 139.0 39.60 99.1 36.3 1312.9 3.9 543
X 1200 69.02 0.0053 0.2221 24.7 96.21 99.9 38.3 1320.8 2.4 6.52
Y 1300 70.60 0.0085 0.1920 101.1 59.90 99.9 47.3 1342.3 3.2 7.64
Z 1400 67.32 0.0092 0.2130 114.9 55.73 99.9 59.7 1297.4 4.9 7.86
ZA 1500 69.86 0.0091 0.1272 245.3 56.08 99.9 98.3 1332.5 5.4 7.71
ZB 1750 50.86 0.1100 11.33 8.31 4.639 93.4 100.0 1002.3 2.1 6.80
Integrated age ± 1s n=28 1212.0 K2O=9.60 % 1286.0 2.0
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TABLE: 1
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
K7-95.5-1,  K-feldspar, 3.09 mg,  J=0.0155004±0.10%, D=1.0094±0.00088, nm-68,  Lab#=7993-01
A 500 334.1 0.0013 56.10 3.65 379.9 95.0 0.307 3247.7 5.1 14.9
B 500 34.92 0.0051 57.30 2.19 99.38 51.5 0.491 448.6 7.3 26.6
C 550 25.52 0.0007 20.84 3.19 762.2 75.8 0.760 478.8 5.4 9.39
D 550 29.40 0.0019 23.84 2.94 267.8 76.0 1.01 542.9 5.3 16.6
E 600 28.42 0.0120 1.126 4.98 42.55 98.8 1.43 659.4 2.3 8.79
F 600 35.57 0.0128 2.210 4.33 39.80 98.2 1.79 789.5 2.6 17.1
G 650 46.63 0.0113 -0.8153 6.37 44.96 100.5 2.33 996.9 2.0 9.63
H 650 58.71 0.0078 0.2644 4.53 65.18 99.9 2.71 1180.2 2.8 16.7
I 700 64.42 0.0087 -1.6820 7.98 58.96 100.8 3.38 1271.1 2.1 10.1
J 700 69.68 0.0029 -1.0263 6.04 173.3 100.4 3.89 1341.3 2.4 16.9
K 750 68.14 0.0112 -1.4730 12.2 45.56 100.6 4.92 1322.0 2.1 9.86
L 800 70.15 0.0105 -1.5448 18.1 48.53 100.7 6.44 1349.7 2.4 9.69
M 850 69.02 0.0088 -1.2347 25.1 58.09 100.5 8.55 1333.1 1.9 9.64
N 900 68.83 0.0060 -1.0980 32.3 85.07 100.5 11.3 1329.9 2.3 9.93
O 950 68.55 0.0037 -1.1022 41.0 137.8 100.5 14.7 1326.1 2.6 9.71
P 1000 68.63 0.0026 0.0981 46.0 198.5 100.0 18.6 1322.4 1.8 7.79
Q 1050 67.46 0.0028 0.2321 61.5 184.4 99.9 23.8 1305.7 2.9 7.85
R 1100 65.29 0.0034 0.2274 106.3 149.9 99.9 32.7 1275.4 3.2 10.0
S 1100 63.93 0.0030 0.4442 188.8 167.5 99.8 48.6 1255.2 2.6 56.9
T 1100 65.04 0.0023 1.309 100.3 221.6 99.4 57.1 1267.4 3.4 117
U 1100 66.82 0.0025 3.157 75.9 207.8 98.6 63.5 1284.8 3.5 237
W 1250 60.93 0.0029 0.2632 37.7 176.1 99.9 66.7 1212.9 2.2 1.64
X 1350 68.32 0.0022 0.1859 252.8 236.6 99.9 88.0 1317.7 4.5 2.83
Y 1500 69.08 0.0029 0.2841 80.4 176.8 99.9 94.7 1327.9 3.0 2.48
Z 1750 69.60 0.0025 0.3240 62.4 201.7 99.9 100.0 1334.8 3.0 1.94
Integrated age ± 1s n=25 1186.8 K2O=9.52 % 1296.8 1.7
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TABLE: 1
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T02-98-14 K-feldspar, L:7:158, wt. = 2.95 mg,  J=0.0113818±0.17%, D=1.00743±0.00124, NM-158,  Lab#=53661-01
A 450 498.1 0.0043 84.76 3.81 117.9 95.0 0.319 3385.3 6.9 8.76
B 450 66.05 -0.0002 3.156 1.96       - 98.6 0.483 1012.4 3.4 19.3
C 450 66.39 0.0083 5.967 1.77 61.50 97.3 0.632 1006.5 3.4 27.6
D 450 64.24 0.0007 2.728 2.17 725.2 98.7 0.814 992.1 3.3 44.0
E 500 69.99 0.0016 1.721 2.11 310.3 99.3 0.99 1063.7 2.9 8.83
F 500 66.25 0.0013 1.660 3.74 403.4 99.3 1.30 1020.0 2.2 19.0
G 500 67.03 0.0016 1.129 3.88 316.4 99.5 1.63 1031.1 2.7 27.4
H 500 67.32 0.0015 1.282 3.94 345.0 99.4 1.96 1034.0 2.4 43.9
I 550 71.93 0.0011 1.220 4.17 446.0 99.5 2.31 1087.8 2.6 8.57
J 550 71.03 0.0005 0.4163 6.98 1002 99.8 2.89 1080.2 2.3 18.8
K 550 73.52 0.0003 0.5023 8.6 1862 99.8 3.62 1108.3 2.4 27.2
L 550 75.97 -0.0001 0.4887 7.11       - 99.8 4.21 1135.9 1.8 43.8
M 600 78.80 0.0024 0.3530 6.01 215.0 99.9 4.71 1167.7 2.3 8.28
N 600 80.32 0.0006 0.5455 9.4 876.9 99.8 5.50 1183.6 1.8 18.4
O 600 82.89 0.0017 0.1178 8.0 304.0 100.0 6.17 1212.7 1.8 26.7
P 600 85.73 -0.0001 0.4441 9.3       - 99.8 6.95 1241.8 2.2 43.3
Q 650 87.74 -0.0001 0.8633 6.83       - 99.7 7.52 1261.6 2.6 9.11
R 650 87.92 0.0002 0.1624 11.5 2666 99.9 8.49 1265.6 2.1 19.3
S 650 88.81 -0.0002 0.3073 11.2       - 99.9 9.4 1274.4 2.5 27.6
T 700 90.97 -0.0001 0.3812 9.6       - 99.9 10.2 1296.4 2.3 9.00
U 700 90.00 0.0004 0.2886 11.9 1335 99.9 11.2 1286.7 2.3 19.0
V 700 91.06 0.0003 0.4497 10.9 1785 99.9 12.1 1297.1 2.1 27.4
W 750 90.42 0.0003 0.5854 12.0 1591 99.8 13.1 1290.1 2.1 9.5
X 750 90.65 0.0007 0.4045 12.4 781.2 99.9 14.2 1293.1 2.1 19.7
Y 750 90.21 0.0002 0.1434 12.0 2657 100.0 15.2 1289.4 2.0 28.0
Z 800 90.71 0.0004 0.7479 10.9 1305 99.8 16.1 1292.6 2.1 9.6
ZA 800 89.83 0.0006 0.3152 12.9 833.1 99.9 17.2 1284.9 2.0 19.9
ZB 850 88.99 0.0007 0.3010 13.3 762.8 99.9 18.3 1276.2 3.0 10.3
ZC 850 88.33 0.0009 0.3775 15.9 552.3 99.9 19.6 1269.2 2.1 20.3
ZD 900 88.49 0.0008 0.3227 21.0 650.1 99.9 21.4 1271.0 1.7 10.0
ZE 900 88.88 0.0011 0.3146 21.2 475.7 99.9 23.2 1275.1 2.2 20.1
ZF 950 88.79 0.0006 0.3746 22.6 862.4 99.9 25.1 1274.0 2.1 10.3
ZG 950 88.96 0.0013 0.4157 30.3 379.5 99.9 27.6 1275.6 3.6 20.6
ZH 1000 88.90 0.0017 0.6686 30.3 301.9 99.8 30.1 1274.3 2.5 10.4
ZI 1000 90.95 0.0015 0.2673 32.3 346.6 99.9 32.8 1296.5 2.7 20.5
ZJ 1050 89.57 0.0022 0.5416 38.3 228.4 99.8 36.0 1281.5 2.2 10.6
ZK 1050 91.55 0.0018 0.4536 34.1 290.2 99.9 38.9 1302.1 1.9 20.7
ZL 1100 88.74 0.0018 0.5336 33.7 290.9 99.8 41.7 1273.0 1.8 10.5
ZM 1100 91.05 0.0013 0.5894 41.5 388.3 99.8 45.2 1296.6 2.1 20.7
ZN 1100 94.01 0.0015 0.5548 57.4 340.5 99.8 50.0 1326.7 2.4 55.6
ZO 1100 94.70 0.0010 0.5069 76.8 501.0 99.8 56.4 1333.8 2.4 116
ZP 1100 96.33 0.0006 0.6024 68.9 789.9 99.8 62.2 1349.7 2.0 236
ZQ 1200 95.73 0.0006 0.8827 8.9 810.2 99.7 63.0 1343.0 2.6 5.55
ZR 1250 94.25 0.0003 0.3472 46.3 1897 99.9 66.8 1329.7 2.0 5.72
ZS 1350 99.40 0.0003 0.2142 266.1 1522 99.9 89.1 1381.0 2.9 5.74
ZT 1650 98.49 0.0014 0.2911 129.7 362.8 99.9 100.0 1371.9 2.2 5.20
Integrated age ± 1s n=46 1193.5 K2O=13.65 % 1329.3 2.1
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TABLE: 1
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T02-98-16 K-feldspar,  K:4:158, wt. = 3.21 mg,  J=0.0114719±0.17%, D=1.00743±0.00124, NM-158,  Lab#=53651-01
A 450 422.9 0.0022 38.96 12.3 227.5 97.3 0.730 3184.5 6.5 9.46
B 450 52.99 0.0026 2.229 6.80 195.4 98.8 1.13 858.3 2.2 19.2
C 450 53.88 0.0012 1.621 6.35 424.0 99.1 1.51 872.3 2.1 27.6
D 450 54.97 0.0005 1.234 7.5 969.0 99.3 1.96 887.8 2.2 44.3
E 500 57.07 0.0002 0.4919 7.8 2656 99.7 2.43 917.5 2.0 8.81
F 500 58.34 0.0010 0.7491 11.1 491.4 99.6 3.09 932.6 2.0 19.1
G 500 59.69 0.0004 0.4402 11.2 1425 99.8 3.76 950.6 2.1 27.2
H 500 61.27 -0.0002 0.4847 12.9       - 99.8 4.52 970.0 1.8 44.0
I 550 65.22 0.0003 0.5522 11.4 1547 99.7 5.20 1017.8 1.9 8.46
J 550 63.33 0.0007 0.1677 13.3 711.5 99.9 6.00 996.3 1.8 18.7
K 550 64.69 -0.0003 0.4975 12.0       - 99.8 6.71 1011.5 1.8 27.1
L 550 66.51 0.0003 0.2335 11.4 1682 99.9 7.39 1034.3 2.0 43.7
M 600 73.59 0.0001 0.7784 14.6 8378 99.7 8.26 1114.8 1.7 8.30
N 600 67.96 0.0001 0.3851 9.8 5211 99.8 8.85 1050.9 2.2 18.6
O 600 69.39 -0.0003 0.7094 8.1       - 99.7 9.33 1066.6 2.4 26.8
P 600 70.80 0.0000 0.6473 8.2 95482 99.7 9.82 1083.2 1.9 43.6
Q 650 80.00 0.0004 1.661 20.0 1287 99.4 11.0 1183.4 2.1 9.20
R 650 70.77 0.0007 0.2953 7.6 759.6 99.9 11.5 1084.0 2.1 19.3
S 650 70.47 0.0005 0.3673 7.25 1129 99.8 11.9 1080.3 2.3 27.7
T 700 72.47 0.0004 1.078 10.4 1137 99.6 12.5 1101.0 2.3 9.05
U 700 72.02 0.0009 0.4167 10.5 579.1 99.8 13.1 1098.1 2.0 19.1
V 700 70.92 0.0007 0.3462 9.4 763.9 99.9 13.7 1085.6 1.8 27.3
W 750 71.27 0.0001 0.1422 9.3 5588 99.9 14.3 1090.3 2.4 9.6
X 750 72.38 0.0009 0.1681 12.4 581.3 99.9 15.0 1103.0 1.8 19.6
Y 750 72.55 0.0003 0.2483 12.3 1468 99.9 15.7 1104.6 1.9 27.9
Z 800 74.00 0.0007 0.4180 11.3 708.4 99.8 16.4 1120.6 1.9 9.41
ZA 800 75.32 0.0004 0.3269 15.3 1134 99.9 17.3 1135.8 2.1 19.5
ZB 850 76.36 0.0000 0.1467 17.8       - 99.9 18.4 1148.1 2.3 9.9
ZC 850 77.91 0.0004 0.1393 22.2 1158 99.9 19.7 1165.4 2.1 20.0
ZD 900 79.77 0.0006 0.3013 22.3 883.0 99.9 21.0 1185.3 2.1 9.5
ZE 900 80.75 0.0008 0.1627 26.1 675.2 99.9 22.6 1196.5 2.3 19.6
ZF 950 81.90 0.0007 0.3122 23.6 712.3 99.9 24.0 1208.5 2.0 9.9
ZG 950 83.73 0.0007 0.1982 26.2 736.1 99.9 25.6 1228.5 2.1 20.1
ZH 1000 85.22 0.0011 0.2776 23.3 468.3 99.9 26.9 1244.0 1.9 9.9
ZI 1000 86.64 0.0010 0.2602 27.6 491.7 99.9 28.6 1259.1 1.6 20.0
ZJ 1050 87.64 0.0015 0.3619 27.3 339.7 99.9 30.2 1269.3 2.9 10.7
ZK 1050 88.24 0.0016 0.3321 32.7 319.3 99.9 32.2 1275.7 1.9 20.0
ZL 1100 88.04 0.0018 0.3913 24.3 277.6 99.9 33.6 1273.4 2.7 10.6
ZM 1100 87.48 0.0029 0.4287 30.3 177.4 99.9 35.4 1267.4 2.1 20.6
ZN 1100 87.80 0.0033 0.4967 50.8 153.6 99.8 38.4 1270.5 2.1 55.6
ZO 1100 86.18 0.0033 0.6249 63.3 154.5 99.8 42.2 1253.2 2.7 116
ZP 1100 85.66 0.0036 0.7260 83.8 141.3 99.7 47.2 1247.3 2.8 235
ZQ 1200 81.95 0.0020 0.6818 23.1 251.1 99.8 48.6 1207.8 1.9 5.51
ZR 1250 82.08 0.0008 0.5704 153.6 671.5 99.8 57.7 1209.6 3.0 5.79
ZS 1350 86.22 0.0007 0.3528 572.1 760.6 99.9 91.8 1254.4 4.0 5.62
ZT 1650 86.96 0.0099 0.5714 137.7 51.75 99.8 100.0 1261.6 2.9 5.33
Integrated age ± 1s n=46 1678.7 K2O=17.51 % 1239.5 2.3
204
TABLE: 1
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
K7-99-4 K-feldspar, 3.50 mg,  J=0.0157622±0.10%, D=1.006±0.00137, NM-68,  Lab#=7990-01
A 500 420.0 0.0205 116.1 3.28 24.87 91.8 0.097 3574.3 5.2 10.0
B 500 33.43 0.0142 11.04 2.56 35.99 90.2 0.172 709.9 2.9 24.5
C 550 29.82 0.0054 3.477 5.17 95.25 96.6 0.326 682.9 1.6 11.3
D 550 28.00 0.0083 4.032 5.82 61.42 95.7 0.499 643.1 1.6 24.5
E 600 29.65 0.0069 2.923 8.05 74.15 97.1 0.739 682.8 1.4 10.8
F 600 30.38 0.0051 2.008 10.05 99.45 98.0 1.04 702.5 1.5 24.7
G 650 34.23 0.0027 1.072 14.2 188.9 99.1 1.47 781.5 1.3 11.6
H 650 37.91 0.0040 1.716 13.4 126.0 98.7 1.89 845.9 1.9 24.7
I 700 44.07 0.0032 0.6276 14.8 160.7 99.6 2.35 959.7 1.7 12.1
J 700 48.65 0.0043 1.400 11.8 119.7 99.1 2.72 1032.3 1.7 25.0
K 750 55.79 0.0049 0.9355 11.50 103.9 99.5 3.08 1147.6 2.0 12.0
L 800 63.00 0.0033 0.5636 14.0 156.2 99.7 3.53 1256.6 1.7 6.77
M 850 68.56 0.0038 0.6143 22.3 136.0 99.7 4.26 1335.2 2.4 6.72
N 900 69.22 0.0030 0.2291 33.9 170.0 99.9 5.39 1345.9 2.6 6.86
O 950 67.45 0.0034 0.3250 47.8 149.2 99.9 7.03 1320.9 3.3 6.64
P 1000 66.89 0.0014 0.3566 47.3 371.9 99.8 8.73 1312.9 2.1 3.64
Q 1050 66.46 0.0017 0.1584 65.9 292.7 99.9 11.2 1307.7 2.0 4.60
R 1100 66.01 0.0019 0.1994 75.2 271.6 99.9 14.2 1301.2 3.8 6.89
S 1100 65.30 0.0018 0.4156 85.4 283.3 99.8 17.9 1290.3 4.4 27.1
T 1100 65.00 0.0018 0.6098 70.2 279.4 99.7 21.2 1285.1 2.8 56.8
U 1100 64.84 0.0019 0.9661 69.8 270.3 99.6 24.7 1281.4 2.5 116.75
V 1100 66.12 0.0016 1.457 70.5 314.5 99.3 28.4 1297.4 2.2 237
W 1100 65.86 0.0014 2.004 41.8 359.1 99.1 30.8 1291.5 3.2 19.5
X 1200 62.56 0.0018 0.2651 12.9 290.4 99.9 31.6 1251.5 2.3 6.64
Y 1250 58.77 0.0022 0.6857 39.8 235.3 99.7 34.0 1193.9 2.6 7.57
Z 1300 61.66 0.0024 0.8586 105.2 216.8 99.6 40.9 1235.9 3.0 7.59
ZA 1350 67.31 0.0020 0.6272 225.0 259.2 99.7 59.0 1317.6 4.6 7.45
ZB 1500 68.31 0.0023 0.6981 257.0 219.3 99.7 88.1 1331.3 4.8 7.34
ZC 1750 69.94 0.0027 1.771 80.7 189.6 99.3 100.0 1349.4 2.7 7.05
Integrated age ± 1s n=29 1465.6 K2O=10.20 % 1287.9 1.9
205
TABLE: 1
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T02-99.5-1  K-feldspar,  L:1:158, wt. = 3.01 mg,  J=0.0115734±0.16%, D=1.00743±0.00124, NM-158,  Lab#=53657-01
A 450 454.3 0.0035 50.37 8.8 145.2 96.7 0.574 3297.8 4.3 9.91
B 450 42.65 0.0016 1.882 5.04 326.3 98.7 0.903 724.4 1.7 20.1
C 450 45.63 0.0017 1.575 4.59 302.3 99.0 1.20 767.5 2.1 28.6
D 450 47.38 0.0015 2.107 5.47 334.8 98.7 1.56 789.5 2.8 45.2
E 500 52.41 0.0020 1.236 6.74 256.9 99.3 2.00 860.5 2.1 9.94
F 500 52.99 0.0005 0.6886 8.6 1090 99.6 2.57 870.3 1.8 20.1
G 500 56.70 0.0005 0.6091 8.7 946.2 99.7 3.14 918.7 2.3 28.3
H 500 60.80 0.0008 0.6883 9.9 621.9 99.7 3.79 970.0 1.9 44.8
I 550 66.63 0.0005 0.6300 11.1 978.3 99.7 4.51 1041.3 2.2 9.53
J 550 67.76 0.0003 0.3695 12.5 1855 99.8 5.33 1055.6 2.1 19.7
K 550 72.17 0.0002 0.2996 11.3 2750 99.9 6.07 1107.4 2.0 28.0
L 550 75.71 0.0011 0.5363 12.0 449.7 99.8 6.85 1147.0 2.5 44.9
M 600 80.42 0.0007 0.6035 9.9 762.2 99.8 7.50 1199.1 2.7 9.28
N 600 82.00 0.0002 0.5277 11.9 2541 99.8 8.28 1216.6 2.6 19.1
O 600 83.96 0.0009 0.3130 10.9 587.8 99.9 8.99 1238.4 2.0 27.9
P 600 85.07 0.0002 0.4365 11.2 2866 99.8 9.73 1249.9 2.7 44.5
Q 650 87.23 0.0008 1.188 12.7 622.3 99.6 10.6 1270.5 2.5 9.9
R 650 84.34 0.0002 0.1039 10.7 2273 100.0 11.3 1243.2 2.2 20.1
S 650 84.15 0.0010 0.3293 9.8 487.2 99.9 11.9 1240.5 2.3 28.5
T 700 84.58 0.0008 0.1627 9.8 617.1 99.9 12.5 1245.5 1.9 9.9
U 700 83.59 0.0004 0.1078 11.9 1239 100.0 13.3 1235.2 2.1 19.9
V 700 83.14 0.0006 0.2189 10.9 915.7 99.9 14.0 1230.0 2.1 28.1
W 750 82.45 0.0009 0.2827 10.8 538.6 99.9 14.7 1222.3 2.0 10.4
X 750 81.33 0.0007 0.2308 17.2 727.6 99.9 15.9 1210.2 2.7 20.5
Y 750 80.08 0.0007 0.2137 15.4 710.7 99.9 16.9 1196.7 2.1 28.8
Z 800 79.85 0.0006 0.1383 13.4 810.4 99.9 17.7 1194.4 2.3 10.0
ZA 800 79.55 0.0009 0.0887 16.6 589.9 100.0 18.8 1191.3 2.7 20.0
ZB 850 79.57 0.0003 0.1895 18.9 1504 99.9 20.1 1191.2 2.2 10.1
ZC 850 80.13 0.0007 0.2440 21.9 753.2 99.9 21.5 1197.1 1.6 19.8
ZD 900 80.10 0.0006 0.2810 19.5 896.0 99.9 22.8 1196.7 1.9 9.8
ZE 900 79.90 0.0012 0.2904 21.8 419.7 99.9 24.2 1194.4 2.1 20.1
ZF 950 80.05 0.0012 0.2056 22.4 431.9 99.9 25.7 1196.4 1.7 10.3
ZG 950 81.17 0.0009 0.2361 26.6 569.8 99.9 27.4 1208.5 2.0 20.3
ZH 1000 81.32 0.0013 0.3264 25.5 387.5 99.9 29.1 1209.8 2.8 10.3
ZI 1000 82.42 0.0014 0.3759 30.9 367.8 99.9 31.1 1221.6 1.7 20.3
ZJ 1050 82.33 0.0020 0.5344 30.1 257.6 99.8 33.1 1220.1 2.1 10.5
ZK 1050 83.25 0.0025 0.5496 40.5 204.4 99.8 35.7 1230.1 2.0 20.5
ZL 1100 80.90 0.0048 0.6164 45.3 106.0 99.8 38.7 1204.3 2.3 10.4
ZM 1100 81.65 0.0033 0.6157 45.4 155.6 99.8 41.7 1212.6 1.7 20.4
ZN 1100 82.61 0.0028 0.6286 60.9 183.4 99.8 45.6 1223.0 2.9 55.5
ZO 1100 83.79 0.0029 0.6313 68.4 174.8 99.8 50.1 1235.7 2.0 115
ZP 1100 84.84 0.0026 0.6752 101.5 193.1 99.8 56.8 1246.7 3.5 235
ZQ 1200 85.70 0.0012 0.3886 31.7 428.0 99.9 58.8 1256.8 2.2 5.50
ZR 1250 86.98 0.0008 0.3362 317.4 668.5 99.9 79.6 1270.5 4.2 5.64
ZS 1350 88.98 0.0019 0.3593 145.1 271.6 99.9 89.1 1291.4 2.4 5.81
ZT 1650 89.79 0.0046 0.4499 166.7 110.8 99.9 100.0 1299.6 4.3 5.32
Integrated age ± 1s n=46 1528.3 K2O=16.85 % 1255.4 2.1
206
TABLE: 1
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
H02-107-1 K-feldspar,  L:5:158, wt. = 3.57 mg,  J=0.0114292±0.17%, D=1.00743±0.00124, NM-158,  Lab#=53660-03
A 450 212.1 0.0008 13.85 3.87 642.3 98.1 0.215 2222.2 4.1 9.91
B 450 31.82 -0.0011 3.290 1.88       - 96.9 0.319 551.1 2.5 20.3
C 450 33.78 0.0000 2.561 1.52       - 97.8 0.403 584.3 2.5 28.7
D 450 37.22 0.0043 3.189 1.66 119.0 97.5 0.496 633.0 2.8 45.3
E 500 47.11 0.0014 1.424 1.50 358.5 99.1 0.579 780.5 3.4 10.0
F 500 40.11 0.0068 1.343 2.03 74.95 99.0 0.692 683.1 2.2 20.1
G 500 45.35 0.0041 1.395 1.84 124.2 99.1 0.794 756.5 2.4 28.4
H 500 52.69 -0.0039 2.514 2.11       - 98.6 0.911 850.7 3.0 45.1
I 550 79.85 0.0048 2.145 2.78 107.4 99.2 1.07 1176.9 4.2 9.83
J 550 69.99 0.0067 1.414 3.07 76.54 99.4 1.24 1068.2 2.9 20.0
K 550 78.29 0.0034 1.768 2.67 151.7 99.3 1.38 1161.0 3.6 28.3
L 550 87.89 0.0045 1.919 2.69 112.9 99.4 1.53 1263.7 3.4 44.9
M 600 98.44 0.0039 2.186 2.71 131.2 99.3 1.68 1369.9 3.1 9.84
N 600 93.93 0.0086 1.148 3.21 59.55 99.6 1.86 1328.0 3.0 19.9
O 600 95.48 0.0129 2.436 3.10 39.61 99.2 2.03 1339.8 3.1 28.2
P 600 97.28 0.0124 1.961 3.50 41.09 99.4 2.23 1359.1 3.7 44.9
Q 650 101.1 0.0071 4.330 4.75 71.64 98.7 2.49 1389.7 3.5 10.3
R 650 98.66 0.0022 0.5652 4.25 236.3 99.8 2.73 1376.8 2.8 20.3
S 650 97.37 0.0023 0.7572 4.55 218.5 99.8 2.98 1363.6 3.6 28.7
T 700 99.66 0.0023 2.767 7.9 221.8 99.2 3.42 1380.2 3.1 10.1
U 700 95.61 0.0014 0.2306 8.0 371.3 99.9 3.87 1347.6 2.8 20.1
V 700 94.32 0.0011 0.2284 8.0 474.0 99.9 4.31 1334.7 2.5 28.6
W 750 94.40 0.0010 0.2276 9.8 507.5 99.9 4.86 1335.4 2.3 10.5
X 750 93.18 0.0017 0.1303 12.2 308.3 100.0 5.54 1323.5 1.9 20.5
Y 750 93.30 0.0018 0.4484 12.3 284.2 99.9 6.22 1323.8 2.4 28.8
Z 800 91.83 0.0007 0.1691 12.5 746.7 99.9 6.92 1309.7 3.0 10.4
ZA 800 92.27 0.0008 0.2483 16.9 655.1 99.9 7.86 1313.9 2.0 20.4
ZB 850 93.01 0.0009 0.3498 21.6 567.1 99.9 9.06 1321.1 3.2 10.6
ZC 850 93.32 0.0031 0.2919 26.4 163.4 99.9 10.5 1324.4 1.8 20.7
ZD 900 93.03 0.0011 0.4809 28.7 467.1 99.8 12.1 1320.9 2.2 10.5
ZE 900 93.87 0.0007 0.2010 35.4 680.6 99.9 14.1 1330.3 1.7 20.5
ZF 950 93.88 0.0009 0.5042 36.7 557.8 99.8 16.1 1329.5 2.2 10.6
ZG 950 93.72 0.0011 0.4634 45.1 452.5 99.9 18.6 1327.9 2.0 20.7
ZH 1000 93.27 0.0010 0.7646 56.9 525.8 99.8 21.8 1322.5 2.4 10.6
ZI 1000 92.49 0.0014 0.4858 72.7 372.9 99.8 25.8 1315.4 2.4 20.6
ZJ 1050 90.47 0.0021 0.8735 104.1 247.5 99.7 31.6 1293.6 2.4 10.6
ZK 1050 90.30 0.0019 0.6381 112.4 270.1 99.8 37.8 1292.6 2.2 20.6
ZL 1100 89.70 0.0025 0.7202 75.0 205.4 99.8 42.0 1286.2 2.6 10.7
ZM 1100 92.02 0.0021 0.5891 69.3 237.5 99.8 45.8 1310.3 1.9 20.7
ZN 1100 93.19 0.0020 0.5602 95.7 260.6 99.8 51.2 1322.3 3.3 55.7
ZO 1100 93.68 0.0016 0.5912 109.6 310.5 99.8 57.2 1327.1 2.5 115
ZP 1100 94.73 0.0019 0.9212 120.9 267.2 99.7 64.0 1336.8 2.5 236
ZQ 1200 90.34 0.0016 0.8859 66.9 315.7 99.7 67.7 1292.2 2.5 5.61
ZR 1250 95.14 0.0013 0.5056 277.8 392.7 99.8 83.1 1342.1 4.0 5.55
ZS 1350 93.39 0.0045 0.8276 73.5 114.1 99.7 87.2 1323.5 2.4 5.68
ZT 1650 96.29 0.0089 0.9847 230.8 57.28 99.7 100.0 1352.1 3.4 5.13
Integrated age ± 1s n=46 1801.0 K2O=16.95 % 1323.0 2.1
207
TABLE: 1
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
K7-115-3 K-feldspar, 2.16 mg, J=0.0153708±0.10%, D=1.0052±0.00069, NM-68,  Lab#=8022-01
A 450 522.4 0.6208 65.17 2.29 0.822 96.3 0.075 3958.5 5.1 13.7
B 450 19.80 1.140 19.80 2.19 0.448 70.9 0.147 356.5 2.9 24.7
C 500 37.74 0.1364 2.681 1.55 3.74 97.9 0.198 821.2 2.5 17.2
D 500 30.25 0.3534 6.602 1.39 1.44 93.6 0.244 659.8 3.2 26.6
E 550 42.58 0.1713 2.016 3.03 2.98 98.6 0.344 909.2 2.0 11.3
F 550 26.93 0.0859 2.806 2.08 5.94 96.9 0.413 615.7 2.0 16.4
G 600 44.86 0.0701 1.571 6.64 7.27 99.0 0.634 949.6 1.3 11.6
H 600 29.73 0.1398 1.807 3.45 3.65 98.2 0.750 676.8 1.6 16.9
I 650 46.55 0.0710 1.213 7.10 7.18 99.2 0.99 979.4 1.4 10.6
J 650 38.09 -0.0050 1.793 3.21       - 98.6 1.10 831.8 1.7 16.9
K 700 46.31 -0.0918 0.9808 4.40       - 99.4 1.25 976.3 1.5 12.0
L 700 48.92 0.0387 1.913 2.39 13.17 98.9 1.33 1014.6 2.0 17.0
M 750 55.77 -0.0387 1.321 4.17       - 99.3 1.47 1124.2 1.8 10.0
N 750 57.31 -0.0495 1.355 3.74       - 99.3 1.60 1147.3 1.5 16.8
O 800 59.90 -0.0198 0.6475 6.81       - 99.7 1.83 1188.7 1.3 9.75
P 850 61.49 0.0053 0.4066 13.7 95.90 99.8 2.31 1212.9 1.3 9.47
Q 900 61.68 0.0074 0.3808 23.6 68.63 99.8 3.15 1215.8 1.8 10.0
R 950 62.16 0.0286 0.1724 31.2 17.86 99.9 4.30 1223.6 1.4 9.06
S 1000 63.16 0.0235 0.1811 44.7 21.67 99.9 6.00 1237.9 2.3 8.19
T 1050 63.43 0.0214 0.2195 58.9 23.81 99.9 8.39 1241.6 1.8 7.84
U 1100 62.54 0.0196 0.1806 91.2 26.08 99.9 12.4 1229.0 2.2 10.2
V 1100 62.74 0.0191 0.3471 102.9 26.65 99.8 17.5 1231.1 2.5 27.0
W 1100 63.91 0.0164 0.6755 91.2 31.14 99.7 22.7 1246.4 2.9 56.9
X 1100 63.81 0.0183 1.240 78.8 27.95 99.4 27.6 1242.6 2.4 117
Y 1100 63.66 0.0233 2.259 73.3 21.91 99.0 32.8 1236.3 2.2 237
Z 1100 64.23 0.0212 3.590 74.8 24.08 98.4 38.7 1238.8 2.0 477
ZA 1200 64.34 0.0429 0.5043 17.2 11.89 99.8 40.2 1253.3 1.7 10.5
ZB 1250 64.09 0.0183 0.3420 115.5 27.91 99.8 51.2 1250.4 3.0 10.6
ZC 1300 63.90 0.0219 0.2391 234.1 23.25 99.9 82.6 1248.1 3.7 10.8
ZD 1500 66.36 0.0311 0.6863 86.7 16.39 99.7 99.0 1280.8 2.4 10.7
ZE 1700 69.56 0.0242 10.72 4.70 21.04 95.4 100.0 1284.1 2.1 10.2
Integrated age ± 1s n=31 1197.1 K2O=13.85 % 1243.9 1.4
208
TABLE: 1
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T02-136.2-2 K-feldspar, K:5:158,  wt. = 3.26 mg,  J=0.0114247±0.17%, D=1.00743±0.00124, NM-158,  Lab#=53652-01
A 450 205.4 0.0051 49.39 6.49 99.22 92.9 0.425 2112.3 3.9 9.82
B 450 34.22 0.0043 2.713 2.61 118.9 97.7 0.596 590.1 2.7 20.2
C 450 38.48 0.0022 2.675 2.10 233.3 97.9 0.733 653.5 2.9 28.5
D 450 41.08 0.0042 2.615 2.26 121.5 98.1 0.881 691.3 2.6 45.2
E 500 43.72 0.0023 0.8941 2.45 222.7 99.4 1.04 735.7 2.7 9.81
F 500 48.08 0.0029 1.585 3.45 175.7 99.0 1.27 792.8 2.0 20.1
G 500 54.70 0.0030 1.510 3.38 171.2 99.2 1.49 880.4 3.0 27.5
H 500 61.90 0.0041 1.580 3.58 125.9 99.2 1.72 970.6 2.5 45.1
I 550 70.14 0.0014 0.6780 3.26 352.1 99.7 1.93 1072.1 3.4 9.88
J 550 78.77 0.0035 0.9741 4.05 144.4 99.6 2.20 1168.6 2.4 19.9
K 550 86.99 0.0022 0.5338 3.83 228.8 99.8 2.45 1258.2 2.7 28.4
L 550 92.60 0.0039 1.057 4.57 131.2 99.7 2.75 1314.5 2.8 44.9
M 600 96.64 0.0009 1.013 4.66 557.1 99.7 3.05 1355.2 3.5 9.78
N 600 99.25 0.0015 0.5746 5.68 330.1 99.8 3.42 1382.2 2.9 19.9
O 600 100.6 0.0022 0.7260 5.65 235.5 99.8 3.79 1394.5 2.6 28.3
P 600 99.93 0.0039 0.9893 6.27 130.6 99.7 4.19 1387.6 2.3 44.9
Q 650 98.54 0.0015 0.4524 6.29 344.0 99.9 4.60 1375.6 3.1 10.2
R 650 100.7 0.0037 0.4689 6.70 138.5 99.9 5.04 1396.2 2.4 20.3
S 650 99.03 0.0027 0.7108 7.07 186.1 99.8 5.49 1379.6 2.6 28.5
T 700 98.63 0.0020 1.540 9.5 250.6 99.5 6.11 1373.3 3.1 10.1
U 700 97.84 0.0018 0.2594 11.5 291.0 99.9 6.86 1369.2 2.6 20.1
V 700 97.06 0.0018 0.2687 11.0 284.3 99.9 7.57 1361.5 2.4 28.6
W 750 96.10 0.0013 0.4521 11.7 392.2 99.9 8.32 1351.5 1.9 10.5
X 750 96.70 0.0013 0.2913 15.4 385.5 99.9 9.31 1357.9 1.9 20.4
Y 750 96.80 0.0015 0.2056 15.4 350.1 99.9 10.3 1359.2 2.1 28.8
Z 800 95.92 0.0022 0.2953 15.8 228.8 99.9 11.3 1350.2 2.2 10.4
ZA 800 96.83 0.0016 0.4411 22.5 311.3 99.9 12.8 1358.8 2.2 20.4
ZB 850 96.71 0.0020 0.3907 27.4 256.3 99.9 14.5 1357.7 1.9 10.6
ZC 850 96.58 0.0016 0.2831 33.2 316.3 99.9 16.6 1356.7 2.2 20.5
ZD 900 96.82 0.0024 0.2611 34.9 214.0 99.9 18.8 1359.2 2.7 10.5
ZE 900 96.93 0.0022 0.2329 39.7 230.2 99.9 21.3 1360.3 2.8 20.5
ZF 950 96.03 0.0022 0.2986 38.3 231.4 99.9 23.7 1351.2 2.3 10.7
ZG 950 96.33 0.0023 0.2138 42.3 224.8 99.9 26.3 1354.4 2.3 20.2
ZH 1000 95.57 0.0030 0.1960 41.9 172.7 99.9 28.9 1346.9 2.9 10.2
ZI 1000 95.44 0.0025 0.3290 49.5 203.5 99.9 32.0 1345.2 2.8 20.5
ZJ 1050 94.64 0.0031 0.3786 54.6 163.9 99.9 35.3 1337.1 2.8 10.7
ZK 1050 95.09 0.0032 0.3530 49.5 159.5 99.9 38.3 1341.7 2.4 20.1
ZL 1100 94.71 0.0031 0.3309 47.2 162.6 99.9 41.2 1337.9 2.1 10.4
ZM 1100 94.02 0.0032 0.3213 59.4 161.4 99.9 44.8 1331.0 2.4 20.1
ZN 1100 93.28 0.0026 0.3539 84.4 194.5 99.9 49.8 1323.4 2.7 55.3
ZO 1100 94.84 0.0025 0.3974 84.8 201.7 99.9 54.8 1339.0 2.8 115
ZP 1100 95.54 0.0034 0.4429 94.0 148.9 99.9 60.3 1345.9 3.0 235
ZQ 1200 91.95 0.0026 0.4766 25.6 196.8 99.8 61.7 1309.6 2.2 4.94
ZR 1250 96.03 0.0017 0.2339 209.3 307.1 99.9 73.7 1351.4 2.8 5.06
ZS 1350 96.41 0.0022 0.4211 229.9 236.3 99.9 86.5 1354.7 3.9 5.50
ZT 1650 98.24 0.0044 0.2681 250.2 115.0 99.9 100.0 1373.1 3.6 5.25
Integrated age ± 1s n=46 1693.2 K2O=17.46 % 1348.7 2.1
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TABLE: 1
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
Isotopic ratios corrected for blank, radioactive decay, and mass discrimination, not corrected for interferring reactions.
Ages calculated ralative to FC-1 Fish Canyon Tuff sanidine interlaboratory standard at 28.27 Ma.
Errors quoted for individual analyses include analytical error only, without interferring reaction or J uncertainties.
Integrated age calculated by quadradically summing isotopic measurements of all steps.
Integrated age error calculated by quadradically summing errors of isotopic measurements of all steps.
Total decay constants for 40K after Kwo et al. (2003) and isotopic abundances are after Steiger and Jager (1977).
K2O estimated based on 39Ar, sample weight, instrument sensitivity and J-factor.
   D = 1 AMU Discrimination in favor of light isotopes
Correction factors:
NM-158 (McMaster 5C) NM-68 (Ford, L-67)
    (39Ar/37Ar)Ca = 0.00075 ± 0.00003     (39Ar/37Ar)Ca = 0.00070 ±0.00005
    (36Ar/37Ar)Ca = 0.000292 ±0.000006     (36Ar/37Ar)Ca = 0.00027 ± 0.00001
    (40Ar/39Ar)K = 0.0296 ± 0.0005     (40Ar/39Ar)K = 0.0247 ± 0.0004
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TABLE 2
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   
A) H98-131.6-2 biotite, N:10:97,  ~20 crystals, 1.13 mg,  J=0.015813±0.10%, D=1.00362±0.00105, NM-97,  Lab#=9679-01
# A 650 54.33 0.1658 54.43 1.328 3.1 70.4 0.4 863.6 6.9
# B 750 56.25 0.2200 8.215 3.256 2.3 95.7 1.4 1124.5 2.6
# C 830 55.36 0.1481 3.955 6.13 3.4 97.9 3.2 1130.1 1.9
# D 900 53.81 0.0408 1.878 11.85 12.5 99.0 6.8 1115.2 1.6
E 970 52.62 0.0391 0.9567 21.54 13.0 99.5 13.3 1100.8 1.6
F 1050 52.74 0.0086 0.2760 64.5 59.0 99.8 32.7 1105.8 1.4
G 1120 52.81 0.0036 0.1770 72.9 140.2 99.9 54.7 1107.3 1.7
H 1180 52.36 0.0081 0.5016 51.1 63.3 99.7 70.1 1098.8 2.6
I 1240 52.59 0.0278 0.4094 55.0 18.4 99.8 86.7 1102.8 2.4
J 1650 53.08 0.1845 1.555 44.3 2.8 99.2 100.0 1105.5 2.2
Integrated age ± 1s n=10 332.0 K2O=7.14 % 1104.3 1.4
Plateau ± 1s steps E-J n=6 MSWD=2.83 309.5 60.4 93.2 1104.0 1.5
B) 98GC25 biotite, P:3:97, 0.16 mg,  J=0.015824±0.10%, D=1.00362±0.00105, NM-97,  Lab#=9690-01
A 650 33.63 0.3751 63.90 0.484 1.4 43.9 0.8 383.1 14.5
B 750 37.14 0.2673 30.58 0.535 1.9 75.7 1.6 671.9 9.9
C 830 51.32 0.1851 18.43 0.779 2.8 89.4 2.9 996.5 7.8
D 900 55.84 0.1011 9.180 1.806 5.0 95.2 5.8 1113.9 3.2
E 970 56.20 0.0468 2.987 3.532 10.9 98.4 11.4 1148.0 2.3
F 1050 56.49 0.0796 1.556 7.79 6.4 99.2 23.8 1158.9 2.0
G 1120 55.33 0.0653 1.383 8.59 7.8 99.3 37.5 1141.8 1.8
H 1180 54.37 0.0342 2.315 8.73 14.9 98.7 51.5 1122.5 1.8
I 1240 52.83 0.0294 1.230 17.93 17.3 99.3 80.1 1103.4 1.3
J 1350 53.56 0.0257 2.142 12.49 19.9 98.8 100.0 1110.7 1.8
Integrated age ± 1s n=10 62.7 K2O=9.51 % 1113.5 1.4
C) H98-131.6-4 Hornblende,  K:4:97,  3.43 mg,  J=0.0157439±0.10%, D=1.00362±0.00105, NM-97,  Lab#=9683-01
# A 800 773.2 4.992 2412.8 0.485 0.10 7.8 1.1 1226.1 59.2
# B 900 141.2 4.984 279.8 0.382 0.10 41.7 2.0 1200.5 17.6
# C 1000 69.19 25.52 47.60 1.447 0.020 82.6 5.5 1187.2 12.4
D 1050 56.14 23.94 14.88 3.158 0.021 95.6 12.9 1131.9 10.6
E 1080 56.33 19.50 13.01 1.948 0.026 95.9 17.5 1135.4 9.0
F 1110 55.55 14.10 9.582 2.024 0.036 96.9 22.3 1129.0 6.7
G 1130 54.73 11.61 7.537 3.046 0.044 97.6 29.5 1121.1 5.5
H 1150 54.81 9.523 7.098 2.307 0.054 97.6 34.9 1120.5 5.0
I 1170 53.98 7.214 4.013 6.49 0.071 98.9 50.3 1117.5 3.4
J 1220 54.14 6.039 3.437 11.13 0.084 99.0 76.5 1120.6 3.3
K 1300 56.15 17.59 10.43 3.291 0.029 97.0 84.3 1140.9 8.0
L 1650 55.38 9.587 8.303 6.65 0.053 96.9 100.0 1124.0 5.2
Integrated age ± 1s n=12 42.4 K2O=0.30 % 1128.5 5.2
Plateau ± 1s steps D-L n=9 MSWD=1.48 40.0 0.057 94.5 1122.5 2.2
Isotopic ratios corrected for blank, radioactive decay, and mass discrimination, not corrected for interferring reactions.
Ages calculated ralative to FC-1 Fish Canyon Tuff sanidine interlaboratory standard at 28.27 Ma.
Errors quoted for individual analyses include analytical error only, without interferring reaction or J uncertainties.
Integrated age calculated by quadradically summing isotopic measurements of all steps.
Integrated age error calculated by quadradically summing errors of isotopic measurements of all steps.
Plateau age is inverse-variance-weighted mean of selected steps.
Plateau age error is inverse-variance-weighted mean error (Taylor, 1982) times square root MSWD where MSWD>1.
Plateau and integrated ages incorporate uncertainties in interferring reaction corrections and J factors.
K2O estimated based on 39Ar, sample weight, instrument sensitivity and J-factor.
Total decay constants for 40K after Kwo et al. (2003) and isotopic abundances are after Steiger and Jager (1977).
# symbol preceding sample ID denotes analyses excluded from plateau age calculations.
   D = 1 AMU Discrimination in favor of light isotopes
Correction factors:
NM-97 (Ford L-67)
    (39Ar/37Ar)Ca = 0.00070 ± 0.0005
    (36Ar/37Ar)Ca = 0.00027 ± 0.00001
    (40Ar/39Ar)K = 0.0291 ± 0.0008
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40Ar/39Ar isotopic data for single crystal laser fusion muscovite from Escalente Creek member.
TABLE 3a
ID 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*   Age   ±1s   
(x 10-3)  (x 10-15 mol) (%)   (Ma)   (Ma)   
OOGC-59r single crystal muscovite,  L:7:134,  J=0.0156508±0.10%, D=1.00782±0.00122, NM-134,  Lab#=52088
47 54.76 0.0048 1.426 1.846 107.4 99.2 1123.5 2.4
42 55.37 0.0055 2.996 1.970 93.5 98.4 1125.7 2.4
13 55.85 0.0087 1.476 1.535 58.5 99.2 1140.0 3.0
24 55.85 0.0066 0.8553 2.701 76.9 99.5 1142.8 2.3
43 55.77 0.0023 0.3499 6.854 226.1 99.8 1143.8 1.8
50 56.03 0.0042 0.9601 2.990 122.0 99.5 1145.1 1.7
23 56.21 0.0107 1.334 1.911 47.6 99.3 1146.2 2.7
07 56.37 0.0010 1.533 4.196 520.3 99.2 1147.7 1.9
48 56.47 0.0032 1.513 3.489 158.7 99.2 1149.3 2.3
44 56.50 0.0090 1.208 1.654 56.7 99.4 1151.2 3.3
45 56.45 0.0050 0.9828 2.740 101.5 99.5 1151.3 2.2
09 56.46 0.0021 1.023 5.426 243.2 99.5 1151.4 1.7
22 56.64 0.0062 1.251 2.097 82.6 99.3 1153.1 2.1
10 56.57 0.0049 0.9151 2.762 103.9 99.5 1153.6 2.5
37 56.58 0.0061 0.9348 2.844 84.0 99.5 1153.7 2.4
16 56.66 0.0001 0.5401 3.390 7105.9 99.7 1156.6 2.0
01 56.89 0.0002 1.151 2.059 2131.2 99.4 1157.3 2.4
53 56.87 0.0109 1.068 1.299 46.6 99.4 1157.4 3.5
29 57.31 0.0188 2.362 1.157 27.1 98.8 1158.3 3.5
46 56.92 0.0040 0.6377 3.064 128.1 99.7 1160.0 1.9
39 57.18 0.0102 1.091 2.166 49.8 99.4 1162.0 3.4
40 57.20 0.0058 0.9977 2.841 87.6 99.5 1162.7 2.2
35 57.19 0.0055 0.6513 7.074 92.1 99.7 1164.1 1.6
31 57.58 0.0353 1.454 1.857 14.5 99.3 1166.4 2.8
51 57.97 0.0116 1.923 1.977 44.2 99.0 1170.3 2.4
03 57.77 0.0071 0.9310 1.504 72.0 99.5 1171.7 2.8
25 57.99 0.0019 1.216 2.133 264.5 99.4 1173.6 2.6
27 57.95 0.0115 0.7003 2.752 44.4 99.6 1175.3 2.1
52 58.80 0.0116 3.426 1.214 43.9 98.3 1176.0 3.9
33 58.11 0.0037 0.8651 2.968 137.1 99.6 1177.1 2.0
11 58.35 0.0063 1.494 2.213 80.6 99.2 1177.9 2.4
19 58.22 0.0048 0.7183 4.602 106.3 99.6 1179.3 2.3
15 58.52 0.0030 -0.0412 2.342 168.2 100.0 1187.1 2.3
21 58.82 0.0001 0.5461 1.692 4075.1 99.7 1189.1 2.5
04 59.01 0.0023 0.8616 5.713 219.7 99.6 1190.4 1.8
17 59.37 0.0074 1.651 2.123 68.8 99.2 1192.4 2.8
41 60.29 0.0038 0.9628 2.789 136.0 99.5 1209.0 2.2
05 64.16 0.0061 0.6723 2.804 83.6 99.7 1266.4 2.0
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40Ar/39Ar isotopic data for single crystal laser fusion muscovite from Escalente Creek member.
TABLE 3a
ID 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*   Age   ±1s   
(x 10-3)  (x 10-15 mol) (%)   (Ma)   (Ma)   
OOGC-59g single crystal muscovite, L:8:134,  J=0.0156842±0.10%, D=1.00782±0.00122, NM-134,  Lab#=52089
21 54.88 0.0047 0.8959 3.232 109.6 99.5 1129.6 1.9
28 56.44 0.0097 4.725 1.445 52.4 97.5 1136.1 3.1
06 55.42 0.0050 0.8788 3.872 101.7 99.5 1137.9 2.2
27 55.44 0.0017 0.7800 2.531 297.2 99.6 1138.8 2.2
23 55.51 0.0026 0.8944 2.743 193.7 99.5 1139.3 2.2
22 56.16 0.0119 2.650 1.065 42.8 98.6 1141.3 3.7
10 55.86 0.0047 0.8431 6.607 109.1 99.6 1144.8 1.7
24 56.20 0.0033 0.8013 3.202 153.4 99.6 1150.2 2.0
19 56.56 -0.0022 1.692 1.640       - 99.1 1151.8 3.1
16 56.73 0.0041 1.048 2.892 124.3 99.5 1157.1 2.4
26 56.97 0.0092 1.620 1.112 55.7 99.2 1158.3 3.4
04 56.73 0.0022 0.4607 8.235 231.2 99.8 1159.8 1.5
29 56.89 0.0026 0.6517 8.162 198.0 99.7 1161.3 1.6
18 57.20 0.0020 0.7848 3.014 260.8 99.6 1165.5 2.1
08 57.93 0.0093 1.169 2.919 54.7 99.4 1174.9 2.4
14 58.40 0.0032 0.6972 2.960 160.4 99.6 1183.9 2.3
25 59.14 0.0042 1.500 2.486 120.3 99.3 1191.5 2.2
20 59.83 -0.0003 0.5207 6.229       - 99.7 1206.0 1.4
Notes:
Isotopic ratios corrected for blank, radioactive decay, and mass discrimination, not corrected for interferring reactions.
Ages calculated ralative to FC-1 Fish Canyon Tuff sanidine interlaboratory standard at 28.27 Ma.
Errors quoted for individual analyses include analytical error only, without interferring reaction or J uncertainties.
Total decay constants for 40K after Kwo et al. (2003) and isotopic abundances are after Steiger and Jager (1977).
   D = 1 AMU Discrimination in favor of light isotopes
Correction factors:
NM-134 (Ford L-67)
    (39Ar/37Ar)Ca = 0.00070 ± 0.00005
    (36Ar/37Ar)Ca = 0.00027 ± 0.00001
    (40Ar/39Ar)K = 0.02472 ± 0.00018
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TABLE 3b
ID Power 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*      39Ar   Age   ±1s   
(Watts) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   
OOGC-59r single crystal muscovite, L:7:134,   J=0.0156508, D=1.00782±0.00122, NM-134,  Lab#=52088-06
# A 1 51.12 0.0050 3.097 0.442 102.0 98.2 5.0 1058.4 7.2
B 2 56.98 0.0050 4.784 0.361 102.0 97.5 9.1 1142.3 8.6
C 2 57.01 0.0050 1.126 1.541 102.0 99.4 26.4 1159.2 3.0
D 5 57.02 0.0050 0.5620 6.52 102.0 99.7 100.0 1161.9 1.5
Integrated age ± 1s n=4 8.86 1155.6 1.7
Plateau ± 1s steps B-D n=3 MSWD=2.69 8.42 102.0 95.0 1160.9 2.3
OOGC-59r single crystal muscovite,  L:7:134,   J=0.0156508, D=1.00782±0.00122, NM-134,  Lab#=52088-12
# A 1 50.18 0.0050 1.427 0.157 102.0 99.2 1.6 1051.3 18.5
# B 1 55.68 0.0050 -4.0387 0.162 102.0 102.1 3.2 1162.2 17.6
C 2 60.22 0.0050 -0.1221 0.461 102.0 100.1 7.8 1212.7 5.9
D 2 60.42 0.0050 2.018 0.324 102.0 99.0 11.0 1206.4 8.3
E 10 60.71 0.0050 0.2161 8.90 102.0 99.9 100.0 1218.5 1.5
Integrated age ± 1s n=5 10.00 1214.4 1.8
Plateau ± 1s steps C-E n=3 MSWD=1.41 9.68 102.0 96.8 1217.8 2.0
OOGC-59r single crystal muscovite,  L:7:134,   J=0.0156508, D=1.00782±0.00122, NM-134,  Lab#=52088-14
# A 1 46.62 0.0050 4.849 0.341 102.0 96.9 2.2 976.3 8.9
B 1 57.06 0.0050 1.070 0.265 102.0 99.4 3.9 1160.2 10.9
C 2 56.34 0.0050 0.5411 3.59 102.0 99.7 26.9 1151.8 2.0
D 2 56.33 0.0050 0.1873 6.97 102.0 99.9 71.5 1153.1 1.9
E 10 56.23 0.0050 0.2455 4.45 102.0 99.9 100.0 1151.4 2.0
Integrated age ± 1s n=5 15.61 1148.8 1.7
Plateau ± 1s steps B-E n=4 MSWD=0.33 15.27 102.0 97.8 1152.2 1.4
OOGC-59r single crystal muscovite,  L:7:134,   J=0.0156508, D=1.00782±0.00122, NM-134,  Lab#=52088-26
# A 1 40.08 0.0050 0.0171 0.372 102.0 100.0 3.0 888.6 8.0
# B 1 52.38 0.0050 3.318 0.195 102.0 98.1 4.6 1077.5 14.6
# C 2 57.64 0.0050 1.473 0.360 102.0 99.2 7.5 1167.2 7.5
D 2 59.56 0.0050 -0.5398 0.151 102.0 100.3 8.7 1204.8 17.8
E 10 59.69 0.0050 0.2827 11.34 102.0 99.9 100.0 1203.1 1.8
Integrated age ± 1s n=5 12.41 1191.5 2.0
Plateau ± 1s steps D-E n=2 MSWD=0.01 11.49 102.0 92.5 1203.1 2.0
OOGC-59r single crystal muscovite,  L:7:134,   J=0.0156508, D=1.00782±0.00122, NM-134,  Lab#=52088-28
# A 1 47.61 0.0050 3.467 0.298 102.0 97.8 3.1 999.6 9.8
# B 1 56.54 0.0050 3.368 0.207 102.0 98.2 5.2 1142.0 13.3
# C 2 56.93 0.0050 0.5366 2.44 102.0 99.7 30.1 1160.7 2.2
D 2 57.17 0.0050 0.1738 1.321 102.0 99.9 43.6 1165.9 3.2
E 10 57.86 0.0050 0.4813 5.52 102.0 99.8 100.0 1175.0 1.8
Integrated age ± 1s n=5 9.78 1164.4 1.8
Plateau ± 1s steps D-E n=2 MSWD=6.11 6.84 102.0 69.9 1172.7 4.0
OOGC-59r single crystal muscovite,  L:7:134,   J=0.0156508, D=1.00782±0.00122, NM-134,  Lab#=52088-30
# A 1 42.23 0.0050 4.127 0.133 102.0 97.1 2.0 905.0 20.7
B 1 56.04 0.0050 -2.6817 0.099 102.0 101.4 3.5 1161.6 27.3
C 2 57.64 0.0050 2.300 0.403 102.0 98.8 9.6 1163.6 7.7
D 2 56.63 0.0050 0.6721 1.599 102.0 99.6 33.9 1155.6 2.5
E 10 56.46 0.0050 0.4286 4.35 102.0 99.8 100.0 1154.0 2.1
Integrated age ± 1s n=5 6.59 1150.4 2.0
Plateau ± 1s steps B-E n=4 MSWD=0.52 6.45 102.0 98.0 1155.1 1.8
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ID Power 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*      39Ar   Age   ±1s   
(Watts) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   
OOGC-59r single crystal muscovite,  L:7:134,   J=0.0156508, D=1.00782±0.00122, NM-134,  Lab#=52088-32
# A 1 40.85 0.0050 1.317 0.179 102.0 99.0 3.3 895.4 16.9
# B 1 51.75 0.0050 0.5958 0.159 102.0 99.7 6.2 1080.3 17.5
# C 2 55.16 0.0050 1.744 0.461 102.0 99.1 14.7 1128.1 6.7
D 2 55.77 0.0050 0.3621 0.303 102.0 99.8 20.2 1143.8 9.9
E 10 56.80 0.0050 0.3829 4.35 102.0 99.8 100.0 1159.4 1.6
Integrated age ± 1s n=5 5.45 1145.5 2.0
Plateau ± 1s steps D-E n=2 MSWD=2.38 4.65 102.0 85.3 1158.9 2.6
OOGC-59r single crystal muscovite,  L:7:134,   J=0.0156508, D=1.00782±0.00122, NM-134,  Lab#=52088-34
# A 1 45.85 0.0050 -3.4043 0.104 102.0 102.2 0.8 1004.1 27.9
# B 1 53.77 0.0050 0.2860 0.185 102.0 99.8 2.1 1113.3 14.1
# C 2 57.30 0.0050 0.4354 1.068 102.0 99.8 9.9 1166.8 3.5
D 2 57.53 0.0050 -0.1549 0.647 102.0 100.1 14.5 1172.8 5.0
E 3 58.28 0.0050 1.440 0.911 102.0 99.3 21.2 1177.0 4.3
F 4 59.03 0.0050 0.1344 5.57 102.0 99.9 61.6 1194.0 1.8
G 10 58.46 0.0050 0.2134 5.29 102.0 99.9 100.0 1185.1 1.6
Integrated age ± 1s n=7 13.78 1183.9 1.6
Plateau ± 1s steps D-G n=4 MSWD=10.00 12.42 102.0 90.1 1187.3 3.6
OOGC-59r single crystal muscovite,  L:7:134,   J=0.0156508, D=1.00782±0.00122, NM-134,  Lab#=52088-36
# A 1 53.82 0.0050 1.717 0.405 102.0 99.1 5.0 1107.5 7.5
B 1 60.72 0.0050 0.0037 0.482 102.0 100.0 10.9 1219.5 6.5
C 2 59.68 0.0050 0.5455 3.24 102.0 99.7 50.7 1201.8 2.1
D 2 59.54 0.0050 0.8007 0.568 102.0 99.6 57.7 1198.7 5.4
E 3 59.77 0.0050 0.6577 1.348 102.0 99.7 74.3 1202.7 3.0
F 10 60.68 0.0050 0.2630 2.089 102.0 99.9 100.0 1217.7 2.8
Integrated age ± 1s n=6 8.13 1202.3 1.9
Plateau ± 1s steps B-F n=5 MSWD=7.34 7.72 102.0 95.0 1206.4 3.8
OOGC-59r single crystal muscovite,  L:7:134,   J=0.0156508, D=1.00782±0.00122, NM-134,  Lab#=52088-38
# A 1 56.18 0.0050 2.257 0.477 102.0 98.8 5.2 1141.5 6.3
B 1 60.15 0.0050 0.2254 1.077 102.0 99.9 16.8 1210.1 3.6
C 2 60.41 0.0050 0.2232 6.73 102.0 99.9 89.5 1213.9 1.7
D 3 57.99 0.0050 3.790 0.223 102.0 98.1 91.9 1162.1 12.2
E 3 59.48 0.0050 -0.2853 0.258 102.0 100.1 94.7 1202.4 11.7
F 4 61.03 0.0050 2.181 0.422 102.0 98.9 99.2 1214.5 6.9
G 10 61.48 0.0050 0.7872 0.072 102.0 99.6 100.0 1227.2 37.8
Integrated age ± 1s n=7 9.26 1208.4 1.8
Plateau ± 1s steps B-G n=6 MSWD=3.86 8.78 102.0 94.8 1212.4 3.0
OOGC-59g single crystal muscovite,  L:8:134,   J=0.0156343, D=1.00782±0.00122, NM-134,  Lab#=52089-01
# A 1 49.12 0.0050 0.4834 0.475 102.0 99.7 7.2 1037.8 6.4
B 1 57.14 0.0050 0.6836 1.711 102.0 99.6 33.0 1165.0 2.8
C 2 57.46 0.0050 0.0850 2.26 102.0 100.0 67.1 1172.5 2.4
D 2 57.15 0.0050 2.509 0.258 102.0 98.7 71.0 1157.1 11.2
E 10 56.94 0.0050 1.047 1.923 102.0 99.5 100.0 1160.3 2.7
Integrated age ± 1s n=5 6.63 1154.5 8.6
Plateau ± 1s steps B-E n=4 MSWD=4.19 6.15 102.0 92.8 1166.4 9.0
OOGC-59g single crystal muscovite,  L:8:134,   J=0.0156842, D=1.00782±0.00122, NM-134,  Lab#=52089-03
# A 1 50.60 0.0050 2.611 1.049 102.0 98.5 6.4 1054.1 3.4
B 1 56.64 0.0050 0.7045 3.57 102.0 99.6 28.1 1157.4 1.9
C 2 56.37 0.0050 0.2865 8.08 102.0 99.9 77.4 1155.2 1.6
D 2 56.46 0.0050 1.446 0.918 102.0 99.2 83.0 1151.3 4.2
E 10 56.56 0.0050 0.3806 2.79 102.0 99.8 100.0 1157.7 2.2
Integrated age ± 1s n=5 16.40 1149.6 1.6
Plateau ± 1s steps B-E n=4 MSWD=0.87 15.35 102.0 93.6 1156.2 1.3
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ID Power 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*      39Ar   Age   ±1s   
(Watts) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   
OOGC-59g single crystal muscovite,  L:8:134,   J=0.0156842, D=1.00782±0.00122, NM-134,  Lab#=52089-05
# A 1 47.89 0.0050 1.072 0.358 102.0 99.3 5.7 1017.6 8.5
B 1 58.76 0.0050 0.0482 0.237 102.0 100.0 9.4 1192.3 11.8
C 2 58.55 0.0050 0.0726 1.602 102.0 100.0 34.8 1189.0 3.2
D 2 57.98 0.0050 0.6160 1.301 102.0 99.7 55.4 1178.0 3.2
E 10 58.15 0.0050 0.5110 2.81 102.0 99.7 100.0 1181.0 2.5
Integrated age ± 1s n=5 6.31 1174.0 2.1
Plateau ± 1s steps B-E n=4 MSWD=2.39 5.95 102.0 94.3 1182.6 2.7
OOGC-59g single crystal muscovite,  L:8:134,   J=0.0156842, D=1.00782±0.00122, NM-134,  Lab#=52089-07
# A 1 47.56 0.0050 5.189 0.265 102.0 96.8 3.4 992.0 11.2
B 1 59.46 0.0050 1.167 0.251 102.0 99.4 6.6 1197.8 11.6
C 2 58.20 0.0050 0.8033 3.01 102.0 99.6 45.4 1180.4 2.3
D 2 58.39 0.0050 0.2434 1.765 102.0 99.9 68.1 1185.9 2.8
E 10 58.18 0.0050 0.2648 2.48 102.0 99.9 100.0 1182.5 2.1
Integrated age ± 1s n=5 7.77 1176.8 1.9
Plateau ± 1s steps B-E n=4 MSWD=1.30 7.50 102.0 96.6 1182.8 1.8
OOGC-59g single crystal muscovite,  L:8:134,   J=0.0156842, D=1.00782±0.00122, NM-134,  Lab#=52089-09
# A 1 52.46 0.0050 5.875 0.286 102.0 96.7 3.0 1068.4 9.8
B 1 59.15 0.0050 2.710 0.274 102.0 98.6 5.8 1186.3 10.1
C 2 60.80 0.0050 1.302 1.616 102.0 99.4 22.5 1216.9 2.8
D 2 60.55 0.0050 0.8726 3.01 102.0 99.6 53.7 1215.1 2.3
E 10 59.40 0.0050 0.8631 4.48 102.0 99.6 100.0 1198.2 2.0
Integrated age ± 1s n=5 9.67 1202.6 1.8
Plateau ± 1s steps B-E n=4 MSWD=15.63 9.39 102.0 97.0 1207.6 5.4
OOGC-59g single crystal muscovite,  L:8:134,   J=0.0156842, D=1.00782±0.00122, NM-134,  Lab#=52089-13
# A 1 42.15 0.0050 0.9853 0.411 102.0 99.3 4.4 921.3 7.1
# B 1 54.30 0.0050 2.078 0.317 102.0 98.9 7.7 1115.1 8.9
C 2 56.28 0.0050 0.3023 5.02 102.0 99.8 61.0 1153.8 2.0
D 2 55.75 0.0050 -0.0229 0.556 102.0 100.0 66.9 1147.0 5.5
E 10 54.45 0.0050 1.554 3.12 102.0 99.2 100.0 1119.9 2.1
Integrated age ± 1s n=5 9.43 1131.3 1.8
Plateau ± 1s steps C-E n=3 MSWD=70.76 8.70 102.0 92.3 1138.0 11.7
OOGC-59g single crystal muscovite,  L:8:134,   J=0.0156842, D=1.00782±0.00122, NM-134,  Lab#=52089-15
# A 1 52.68 0.0050 1.760 0.701 102.0 99.0 8.1 1091.3 4.5
# B 1 56.88 0.0050 -0.6043 0.831 102.0 100.3 17.7 1166.9 3.9
C 2 58.39 0.0050 0.1282 4.75 102.0 99.9 72.7 1186.3 2.6
D 3 57.56 0.0050 0.8527 0.379 102.0 99.6 77.1 1170.6 7.6
E 3 57.43 0.0050 0.9460 0.548 102.0 99.5 83.5 1168.2 6.0
F 4 58.05 0.0050 0.9364 0.205 102.0 99.5 85.8 1177.7 13.8
G 10 58.29 0.0050 0.1386 1.224 102.0 99.9 100.0 1184.8 3.5
Integrated age ± 1s n=7 8.64 1174.7 2.1
Plateau ± 1s steps C-G n=5 MSWD=2.70 7.11 102.0 82.3 1182.9 3.2
OOGC-59g single crystal muscovite,  L:8:134,   J=0.0156842, D=1.00782±0.00122, NM-134,  Lab#=52089-17
# A 1 51.61 0.0050 0.9412 0.934 102.0 99.5 9.1 1078.1 3.8
B 1 57.42 0.0050 0.1938 4.23 102.0 99.9 50.4 1171.4 2.2
C 2 57.47 0.0050 -0.2049 1.865 102.0 100.1 68.6 1174.0 2.5
D 3 58.15 0.0050 1.203 0.862 102.0 99.4 77.0 1177.9 4.1
E 3 57.65 0.0050 -0.8097 0.491 102.0 100.4 81.7 1179.4 6.2
F 4 58.07 0.0050 2.330 0.376 102.0 98.8 85.4 1171.7 8.2
G 10 58.22 0.0050 0.0337 1.497 102.0 100.0 100.0 1184.2 3.0
Integrated age ± 1s n=7 10.26 1166.4 1.8
Plateau ± 1s steps B-G n=6 MSWD=2.60 9.32 102.0 90.9 1175.6 2.3
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ID Power 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*      39Ar   Age   ±1s   
(Watts) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   
OOGC-59g single crystal muscovite,  L:8:134,   J=0.0156842, D=1.00782±0.00122, NM-134,  Lab#=52089-35
# A 1 49.56 0.0050 2.213 0.852 102.0 98.7 5.4 1039.2 4.4
B 1 56.31 0.0050 0.1095 6.23 102.0 99.9 44.4 1154.9 2.0
C 2 56.62 0.0050 0.2827 4.66 102.0 99.9 73.7 1158.9 2.3
D 3 56.32 0.0050 0.4690 1.735 102.0 99.8 84.6 1153.6 2.8
E 3 56.61 0.0050 0.2351 1.830 102.0 99.9 96.1 1159.1 2.6
F 4 56.47 0.0050 0.2181 0.285 102.0 99.9 97.9 1157.0 9.9
G 10 57.21 0.0050 2.003 0.339 102.0 99.0 100.0 1160.2 8.6
Integrated age ± 1s n=7 15.93 1150.6 1.7
Plateau ± 1s steps B-G n=6 MSWD=0.79 15.08 102.0 94.6 1156.7 1.4
OOGC-59g single crystal muscovite,  L:8:134,   J=0.0156842, D=1.00782±0.00122, NM-134,  Lab#=52089-37
# A 1 47.65 0.0050 0.9607 0.440 102.0 99.4 2.5 1014.1 6.5
# B 1 63.76 0.0050 15.31 0.790 102.0 92.9 7.0 1199.4 4.7
C 2 60.64 0.0050 0.2746 6.33 102.0 99.9 43.0 1219.0 1.9
D 3 60.17 0.0050 0.3389 6.05 102.0 99.8 77.4 1211.8 2.3
E 3 60.30 0.0050 0.1236 2.87 102.0 99.9 93.8 1214.8 2.5
F 4 59.73 0.0050 0.0095 0.379 102.0 100.0 95.9 1206.7 8.1
G 10 59.91 0.0050 -0.7964 0.716 102.0 100.4 100.0 1212.9 4.9
Integrated age ± 1s n=7 17.57 1209.6 1.7
Plateau ± 1s steps C-G n=5 MSWD=1.85 16.34 102.0 93.0 1215.4 1.9
OOGC-59g single crystal muscovite,  L:8:134,   J=0.0156842, D=1.00782±0.00122, NM-134,  Lab#=52089-39
# A 1 39.05 0.0050 -0.3636 0.374 102.0 100.3 3.1 873.9 8.0
# B 1 55.43 0.0050 2.072 0.415 102.0 98.9 6.5 1132.6 7.1
C 2 56.59 0.0050 0.4525 3.10 102.0 99.8 31.9 1157.8 2.0
D 3 56.34 0.0050 0.1564 7.68 102.0 99.9 95.0 1155.3 1.9
E 3 56.15 0.0050 0.8482 0.300 102.0 99.6 97.4 1149.2 9.8
F 4 55.55 0.0050 -3.1654 0.227 102.0 101.7 99.3 1158.2 12.2
G 10 56.88 0.0050 2.155 0.087 102.0 98.9 100.0 1154.4 30.4
Integrated age ± 1s n=7 12.19 1147.1 1.8
Plateau ± 1s steps C-G n=5 MSWD=0.35 11.40 102.0 93.5 1156.4 1.6
OOGC-59g single crystal muscovite,  L:8:134,   J=0.0156842, D=1.00782±0.00122, NM-134,  Lab#=52089-41
# A 1 38.91 0.0050 1.891 0.464 102.0 98.6 2.9 859.5 6.3
# B 1 53.06 0.0050 -0.6565 0.396 102.0 100.4 5.4 1108.4 7.7
# C 2 57.64 0.0050 2.506 1.060 102.0 98.7 12.0 1164.4 3.6
D 3 57.03 0.0050 0.1202 9.64 102.0 99.9 72.0 1165.9 1.8
E 3 57.91 0.0050 1.419 0.855 102.0 99.3 77.4 1173.4 4.2
F 4 57.25 0.0050 0.0982 2.92 102.0 100.0 95.6 1169.4 2.3
G 10 56.46 0.0050 0.6397 0.711 102.0 99.7 100.0 1154.9 4.6
Integrated age ± 1s n=7 16.04 1156.8 1.7
Plateau ± 1s steps D-G n=4 MSWD=3.53 14.12 102.0 88.0 1166.9 2.5
OOGC-59g single crystal muscovite,  L:8:134,   J=0.0156842, D=1.00782±0.00122, NM-134,  Lab#=52089-43
# A 1 48.79 0.0050 1.625 0.411 102.0 99.0 9.7 1029.6 7.3
B 1 57.42 0.0050 0.2686 0.750 102.0 99.9 27.3 1171.2 4.3
C 2 56.81 0.0050 0.2504 1.808 102.0 99.9 69.8 1162.0 2.6
D 3 57.46 0.0050 1.302 0.790 102.0 99.3 88.4 1167.1 4.1
# E 3 55.90 0.0050 3.582 0.195 102.0 98.1 93.0 1133.0 14.4
# F 4 59.65 0.0050 -11.6823 0.050 102.0 105.8 94.2 1256.0 50.6
# G 10 64.54 0.0050 -2.7465 0.247 102.0 101.3 100.0 1288.1 11.1
Integrated age ± 1s n=7 4.25 1159.6 2.4
Plateau ± 1s steps B-D n=3 MSWD=1.84 3.35 102.0 78.8 1165.0 2.8
OOGC-59g single crystal muscovite,  L:8:134,   J=0.0156842, D=1.00782±0.00122, NM-134,  Lab#=52089-49
A 1 58.17 0.0050 -1.8666 0.326 102.0 100.9 5.0 1191.9 8.5
B 1 59.03 0.0050 0.2491 1.122 102.0 99.9 22.2 1195.3 3.5
C 2 59.23 0.0050 0.2060 3.47 102.0 99.9 75.5 1198.5 1.9
D 3 59.55 0.0050 0.5324 1.347 102.0 99.7 96.1 1201.8 2.7
E 3 59.32 0.0050 1.182 0.148 102.0 99.4 98.4 1195.6 17.8
F 4 60.03 0.0050 -8.9060 0.080 102.0 104.4 99.6 1249.6 31.9
G 10 60.48 0.0050 -36.3095 0.024 102.0 117.7 100.0 1369.2 98.0
Integrated age ± 1s n=7 6.52 1199.5 1.9
Plateau ± 1s steps A-G n=7 MSWD=1.42 6.52 102.0 100.0 1198.8 1.9
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ID Power 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*      39Ar   Age   ±1s   
(Watts) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   
OOGC-59g single crystal muscovite,  L:8:134,   J=0.0156842, D=1.00782±0.00122, NM-134,  Lab#=52089-51
# A 1 52.46 0.0050 1.809 0.605 102.0 99.0 8.4 1087.5 5.8
B 1 58.78 0.0050 0.6905 2.66 102.0 99.7 45.3 1189.7 2.5
C 1 58.60 0.0050 0.1349 1.913 102.0 99.9 71.9 1189.5 3.0
D 2 58.14 0.0050 -0.2376 1.513 102.0 100.1 92.9 1184.3 3.1
E 3 58.17 0.0050 3.312 0.251 102.0 98.3 96.4 1168.9 11.2
F 3 58.33 0.0050 3.429 0.088 102.0 98.3 97.6 1170.8 29.0
G 4 59.44 0.0050 -6.1822 0.085 102.0 103.1 98.8 1229.4 30.1
H 10 58.21 0.0050 6.784 0.085 102.0 96.6 100.0 1153.9 32.0
Integrated age ± 1s n=8 7.20 1179.2 2.1
Plateau ± 1s steps B-H n=7 MSWD=1.40 6.59 102.0 91.6 1187.7 2.1
Isotopic ratios corrected for blank, radioactive decay, and mass discrimination, not corrected for interferring reactions.
Ages calculated ralative to FC-1 Fish Canyon Tuff sanidine interlaboratory standard at 28.27 Ma.
Errors quoted for individual analyses include analytical error only, without interferring reaction or J uncertainties.
Integrated age calculated by quadradically summing isotopic measurements of all steps.
Integrated age error calculated by quadradically summing errors of isotopic measurements of all steps.
Plateau age is inverse-variance-weighted mean of selected steps.
Plateau age error is inverse-variance-weighted mean error (Taylor, 1982) times square root MSWD where MSWD>1.
Plateau and integrated ages incorporate uncertainties in interferring reaction corrections and J factors.
Total decay constants for 40K after Kwo et al. (2003) and isotopic abundances are after Steiger and Jager (1977).
# symbol preceding sample ID denotes analyses excluded from plateau age calculations.
   D = 1 AMU Discrimination in favor of light isotopes
Correction factors:
NM-134 (Ford L-67)
    (39Ar/37Ar)Ca = 0.00070 ± 0.0005
    (36Ar/37Ar)Ca = 0.00027 ± 0.00001
    (40Ar/39Ar)K = 0.0291 ± 0.0008
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TABLE 4:  U-Pb geochronologic analyses by Laser-Ablation Multicollector ICP Mass Spectrometery
Isotopic ratios Apparent ages (Ma)
U
206Pbm U/Th
207Pb* ± (%)
206Pb* ± (%) error
206Pb* ±(Ma)
207Pb* ±(Ma)
206Pb* ±(Ma) % disc.
(ppm) 204Pb 235U 238U corr. 238U 235U 207Pb*
A) LC-02-81-2
7 91747 4 2.42122 6.35 0.21375 1.20 0.19 1249 17 1249 145 1249 61 1.00
15 2246 6 2.43154 3.86 0.21632 1.03 0.27 1262 14 1252 91 1234 36 1.02
10 2377 6 2.35183 3.52 0.21416 0.81 0.23 1251 11 1228 81 1188 34 1.05
8 1366 6 2.48933 3.89 0.21510 0.68 0.18 1256 9 1269 94 1291 37 0.97
17 13173 3 2.62434 10.93 0.22553 0.56 0.05 1311 8 1308 256 1302 106 1.01
16 1675 4 2.39726 2.46 0.21224 0.69 0.28 1241 10 1242 58 1244 23 1.00
19 14513 7 2.38540 2.82 0.21260 0.85 0.30 1243 12 1238 66 1231 26 1.01
20 16672 6 2.47893 2.79 0.21383 0.61 0.22 1249 8 1266 68 1294 26 0.97
8 13044 4 2.50358 2.32 0.21433 0.83 0.36 1252 11 1273 57 1309 21 0.96
9 8139 5 2.48392 4.22 0.21674 0.99 0.24 1265 14 1267 101 1272 40 0.99
21 11555 3 2.44668 2.11 0.21424 0.38 0.18 1251 5 1256 51 1265 20 0.99
4 34168 4 2.66807 5.93 0.22741 1.31 0.22 1321 19 1320 149 1318 56 1.00
9 11285 3 2.52433 3.97 0.21743 1.04 0.26 1268 15 1279 97 1297 37 0.98
12 1056 4 2.37845 3.57 0.21310 0.68 0.19 1245 9 1236 83 1220 34 1.02
16 14311 5 3.67744 2.28 0.26049 0.53 0.23 1492 9 1567 82 1668 21 0.89
5 10764 5 2.58607 5.76 0.20947 1.06 0.19 1226 14 1297 141 1416 54 0.87
3 11135 4 2.51909 3.41 0.21609 1.12 0.33 1261 16 1278 84 1305 31 0.97
10 11095 3 2.56122 5.02 0.21894 0.74 0.15 1276 11 1290 123 1312 48 0.97
15 22325 5 2.42311 2.99 0.21385 0.65 0.22 1249 9 1250 71 1250 29 1.00
13 12637 4 3.15703 2.93 0.24964 0.63 0.21 1437 10 1447 90 1462 27 0.98
21 31113 3 3.64257 1.59 0.25579 0.65 0.41 1468 11 1559 57 1684 13 0.87
13 3977 3 2.57043 2.31 0.22370 0.38 0.16 1301 5 1292 59 1277 22 1.02
16 49881 3 2.35488 1.92 0.20850 0.49 0.26 1221 7 1229 45 1243 18 0.98
20 41479 6 3.12659 1.44 0.25042 0.87 0.60 1441 14 1439 45 1437 11 1.00
6 14925 5 2.51230 6.51 0.21607 0.59 0.09 1261 8 1276 154 1300 63 0.97
21 44270 6 4.71778 1.36 0.31567 0.66 0.49 1769 14 1770 63 1773 11 1.00
5 33344 3 2.50422 7.61 0.21367 0.66 0.09 1248 9 1273 177 1316 74 0.95
25 24094 6 2.46556 1.82 0.21570 0.64 0.35 1259 9 1262 45 1267 17 0.99
18 77676 6 3.76153 1.31 0.25543 0.49 0.38 1466 8 1585 49 1746 11 0.84
11 21532 4 2.41053 4.74 0.21542 0.66 0.14 1258 9 1246 110 1225 46 1.03
13 9182 2 2.32655 3.31 0.20041 0.80 0.24 1178 10 1220 75 1297 31 0.91
21 4297 7 2.35177 2.10 0.20242 1.22 0.58 1188 16 1228 49 1299 17 0.91
14 29691 1 2.19446 2.97 0.18811 1.04 0.35 1111 13 1179 64 1307 27 0.85
11 61111 3 2.65655 3.47 0.22775 0.82 0.24 1323 12 1317 90 1306 33 1.01
21 8982 6 3.15897 1.81 0.24994 0.79 0.44 1438 13 1447 56 1460 15 0.98
8 24361 5 3.13114 3.55 0.25402 1.04 0.29 1459 17 1440 107 1413 33 1.03
19 2611 7 2.44129 1.77 0.21415 0.70 0.40 1251 10 1255 43 1262 16 0.99
25 3962 5 4.04954 1.81 0.28601 1.06 0.59 1622 20 1644 72 1673 14 0.97
18 35648 5 2.50528 2.90 0.22079 0.94 0.32 1286 13 1274 71 1253 27 1.03
42 1664 6 2.27612 1.32 0.19551 1.05 0.80 1151 13 1205 30 1303 8 0.88
15 31102 3 2.46467 2.53 0.21728 0.61 0.24 1268 9 1262 62 1252 24 1.01
11 21093 3 2.42316 4.62 0.21233 0.56 0.12 1241 8 1250 108 1264 45 0.98
18 31364 6 2.47894 2.28 0.21478 0.94 0.41 1254 13 1266 56 1286 20 0.98
12 15252 6 2.43374 2.68 0.21577 1.19 0.45 1260 17 1253 64 1241 23 1.01
20 27930 5 2.43982 2.50 0.21373 0.56 0.23 1249 8 1254 60 1264 24 0.99
7 1580 3 2.11359 8.42 0.20131 0.87 0.10 1182 11 1153 166 1099 84 1.08
8 11535 5 2.31301 4.60 0.21417 0.77 0.17 1251 11 1216 103 1155 45 1.08
26 8955 6 3.15325 1.23 0.25062 0.59 0.48 1442 10 1446 39 1452 10 0.99
20 12273 2 3.91380 2.17 0.26518 0.57 0.26 1516 10 1617 83 1750 19 0.87
8 1521 6 2.55330 9.30 0.22137 1.00 0.11 1289 14 1287 216 1284 90 1.00
25 4740 3 3.66536 2.72 0.26601 2.38 0.88 1521 41 1564 96 1623 12 0.94
7 8950 9 2.47669 9.20 0.21510 0.90 0.10 1256 13 1265 209 1281 89 0.98
22 1519 2 2.42724 2.34 0.21219 0.77 0.33 1241 11 1251 56 1268 22 0.98
19 2195 3 2.52284 3.91 0.22131 1.04 0.27 1289 15 1279 96 1262 37 1.02
27 1912 3 2.39407 2.54 0.20375 1.49 0.59 1195 20 1241 60 1321 20 0.91
13 12716 4 2.58006 2.78 0.22473 0.64 0.23 1307 9 1295 70 1275 26 1.02
18 28144 3 2.57481 2.52 0.21536 0.71 0.28 1257 10 1294 64 1354 23 0.93
24 3714 5 3.69009 3.03 0.25883 2.75 0.91 1484 46 1569 108 1686 12 0.88
6 46022 6 2.48163 5.36 0.21472 0.91 0.17 1254 13 1267 127 1288 51 0.97
7 10565 2 2.40597 4.66 0.21585 0.79 0.17 1260 11 1244 108 1218 45 1.03
12 26256 6 2.45853 3.38 0.21334 0.81 0.24 1247 11 1260 81 1283 32 0.97
8 16243 4 2.38166 4.34 0.21698 1.23 0.28 1266 17 1237 100 1187 41 1.07
15 6452 5 2.61186 3.92 0.22038 0.96 0.24 1284 14 1304 99 1337 37 0.96
13 4998 4 2.41931 4.30 0.21626 0.81 0.19 1262 11 1248 100 1225 41 1.03
19 11612 4 2.37854 4.84 0.21860 0.35 0.07 1275 5 1236 111 1170 48 1.09
4 1598 3 2.50678 21.72 0.21717 1.20 0.06 1267 17 1274 441 1286 211 0.99
10 7006 3 3.20498 3.57 0.25412 0.65 0.18 1460 11 1458 110 1456 33 1.00
11 1913 6 2.47724 3.81 0.22005 1.06 0.28 1282 15 1265 92 1237 36 1.04
19 13355 3 2.44852 1.46 0.22175 0.54 0.37 1291 8 1257 36 1199 13 1.08
4 2941 2 2.78344 9.33 0.22990 0.99 0.11 1334 15 1351 235 1378 89 0.97
6 23420 2 2.92531 5.20 0.23523 2.27 0.44 1362 34 1389 144 1430 45 0.95
3 2598 5 2.59436 14.66 0.22958 3.07 0.21 1332 45 1299 327 1245 140 1.07
20 3425 3 2.48902 2.30 0.21711 1.47 0.64 1267 21 1269 57 1273 17 1.00
12 7184 3 2.65427 3.91 0.22750 0.81 0.21 1321 12 1316 100 1307 37 1.01
6 55176 4 2.52814 5.36 0.22211 0.86 0.16 1293 12 1280 129 1259 52 1.03
14 38855 5 2.83397 2.40 0.23415 0.73 0.31 1356 11 1365 67 1378 22 0.98
5 2939 5 2.44002 10.82 0.22218 0.88 0.08 1293 13 1255 238 1188 106 1.09
12 7528 3 2.58590 2.97 0.22121 0.49 0.17 1288 7 1297 75 1311 28 0.98
4 5296 7 2.58332 8.57 0.21335 1.63 0.19 1247 22 1296 203 1379 81 0.90
13 10234 5 2.40721 3.03 0.21735 0.45 0.15 1268 6 1245 72 1205 30 1.05
5 5868 5 2.55581 9.69 0.22130 2.06 0.21 1289 29 1288 225 1287 92 1.00
16 15926 3 2.52329 2.50 0.21915 0.52 0.21 1277 7 1279 62 1281 24 1.00
10 31837 3 2.28568 6.21 0.21181 1.06 0.17 1238 15 1208 135 1154 61 1.07
14 37422 3 2.56176 4.48 0.22605 0.45 0.10 1314 7 1290 110 1250 44 1.05
17 19416 4 3.82433 1.71 0.27311 0.55 0.32 1557 10 1598 64 1653 15 0.94
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TABLE 4 (cont.):  U-Pb geochronologic analyses by Laser-Ablation Multicollector ICP Mass Spectrometery
Isotopic ratios Apparent ages (Ma)
U
206Pbm U/Th
207Pb* ± (%)
206Pb* ± (%) error
206Pb* ±(Ma)
207Pb* ±(Ma)
206Pb* ±(Ma) % disc.
(ppm) 204Pb 235U 238U corr. 238U 235U 207Pb*
B) T01-75-4
24 83177 1 5.14597 0.99 0.32312 0.69 0.70 1805 14 1844 51 1888 6 0.96
4 11312 4 2.65482 7.58 0.22699 1.24 0.16 1319 18 1316 186 1312 73 1.01
40 93064 3 4.17678 0.68 0.28651 0.49 0.72 1624 9 1670 28 1727 4 0.94
23 112801 5 2.99084 1.73 0.23847 0.71 0.41 1379 11 1405 51 1446 15 0.95
35 8153 6 2.40457 2.06 0.20891 1.48 0.72 1223 20 1244 49 1280 14 0.96
16 5997 2 4.50227 1.63 0.30402 0.71 0.44 1711 14 1731 72 1756 13 0.97
10 6338 4 4.97654 2.44 0.32515 0.47 0.19 1815 10 1815 116 1816 22 1.00
18 2261 9 2.91557 3.66 0.23537 2.45 0.67 1363 37 1386 103 1422 26 0.96
16 9010 3 3.07756 1.57 0.23720 0.91 0.58 1372 14 1427 48 1510 12 0.91
15 2584 8 2.76444 3.01 0.21391 1.47 0.49 1250 20 1346 81 1503 25 0.83
35 67718 4 2.96870 1.16 0.24183 0.44 0.38 1396 7 1400 35 1405 10 0.99
17 2950 0 2.37097 2.51 0.20274 1.61 0.64 1190 21 1234 59 1311 19 0.91
23 7149 1 2.56938 2.23 0.21841 1.66 0.74 1273 23 1292 57 1323 14 0.96
8 34047 5 2.34943 3.57 0.21603 1.55 0.43 1261 22 1227 82 1169 32 1.08
16 91761 3 3.03955 1.50 0.24608 0.71 0.47 1418 11 1418 45 1417 13 1.00
10 114476 4 4.58332 1.92 0.30349 0.72 0.38 1709 14 1746 86 1792 16 0.95
16 8040 6 2.93432 3.34 0.23803 1.00 0.30 1376 15 1391 95 1413 30 0.97
28 8494 0 2.60151 1.31 0.20912 0.45 0.34 1224 6 1301 34 1430 12 0.86
26 73820 2 9.56048 1.10 0.40666 1.08 0.98 2200 28 2393 102 2563 2 0.86
22 24978 4 2.83569 1.44 0.22970 0.72 0.50 1333 11 1365 41 1416 12 0.94
36 5280 2 2.71886 3.23 0.21538 3.04 0.94 1257 42 1334 85 1458 10 0.86
4 1861 20 1.72850 12.48 0.16313 4.30 0.35 974 45 1019 198 1117 117 0.87
22 3675 2 4.32064 4.52 0.29360 1.03 0.23 1660 20 1697 181 1744 40 0.95
24 21858 3 4.76679 1.38 0.31443 0.87 0.63 1763 18 1779 65 1799 10 0.98
13 104576 7 2.94446 2.68 0.23251 0.68 0.26 1348 10 1393 77 1464 25 0.92
12 22708 4 2.53889 2.30 0.22008 0.81 0.35 1282 12 1283 58 1285 21 1.00
22 8317 2 3.00097 1.61 0.24238 0.61 0.38 1399 10 1408 48 1421 14 0.98
14 12874 3 2.64377 1.94 0.21889 0.85 0.44 1276 12 1313 51 1374 17 0.93
30 60529 6 4.36598 1.15 0.30064 0.92 0.80 1695 18 1706 50 1720 6 0.99
79 6340 1 9.44514 1.46 0.41083 1.43 0.98 2219 38 2382 131 2525 2 0.88
41 15793 2 4.77418 1.29 0.29399 1.11 0.86 1661 21 1780 61 1923 6 0.86
8 9520 5 3.43382 4.19 0.24821 1.57 0.38 1429 25 1512 136 1630 36 0.88
34 58385 2 3.82100 1.19 0.27113 0.77 0.65 1547 13 1597 45 1665 8 0.93
52 16110 1 4.36699 1.05 0.29781 0.96 0.91 1680 19 1706 46 1738 4 0.97
14 82079 4 4.20318 1.44 0.28091 0.66 0.46 1596 12 1675 60 1775 12 0.90
17 5697 3 4.79665 1.86 0.31973 1.56 0.84 1788 32 1784 87 1780 9 1.00
17 2604 4 2.94172 3.38 0.23662 0.79 0.23 1369 12 1393 96 1429 31 0.96
25 1710 3 2.66345 3.90 0.22646 1.84 0.47 1316 27 1318 100 1322 33 1.00
39 10672 4 2.95844 1.29 0.23680 0.89 0.69 1370 14 1397 38 1438 9 0.95
29 7597 5 4.07264 1.53 0.28158 0.74 0.48 1599 14 1649 62 1713 12 0.93
14 2219 1 2.57780 3.66 0.22406 1.29 0.35 1303 19 1294 92 1280 33 1.02
19 146486 7 2.48237 1.69 0.21782 0.85 0.50 1270 12 1267 42 1261 14 1.01
20 44299 4 3.80440 1.41 0.25990 0.65 0.46 1489 11 1594 53 1735 11 0.86
48 21752 2 2.60426 1.27 0.22685 1.00 0.78 1318 15 1302 33 1275 8 1.03
12 13732 4 4.71238 1.85 0.31437 0.77 0.42 1762 16 1769 85 1778 15 0.99
8 8169 6 2.88493 5.70 0.23085 0.79 0.14 1339 12 1378 155 1439 54 0.93
13 2709 6 3.01832 2.96 0.23566 1.04 0.35 1364 16 1412 87 1486 26 0.92
7 77211 1 2.44939 7.02 0.21633 1.07 0.15 1262 15 1257 161 1248 68 1.01
11 2966 3 4.61654 1.86 0.31017 0.76 0.41 1742 15 1752 84 1765 15 0.99
26 2899 1 2.55499 1.55 0.21733 1.16 0.75 1268 16 1288 39 1322 10 0.96
15 178108 4 2.92698 2.21 0.23439 1.08 0.49 1357 16 1389 64 1438 18 0.94
17 79835 5 3.10130 1.13 0.24694 0.63 0.56 1423 10 1433 35 1448 9 0.98
27 22818 1 2.49217 1.70 0.21396 1.35 0.80 1250 19 1270 42 1304 10 0.96
7 15349 3 2.37597 6.82 0.20257 1.88 0.28 1189 25 1235 153 1317 64 0.90
21 10723 4 4.43181 1.63 0.29782 0.89 0.55 1681 17 1718 71 1765 12 0.95
31 15118 4 2.44918 0.98 0.21364 0.45 0.46 1248 6 1257 24 1273 8 0.98
13 13067 5 2.11362 1.81 0.19813 0.41 0.23 1165 5 1153 38 1131 18 1.03
34 4430 5 2.45444 1.60 0.21883 1.02 0.64 1276 14 1259 39 1230 12 1.04
10 18319 4 2.79260 3.47 0.22609 1.13 0.33 1314 17 1354 94 1417 31 0.93
15 10015 1 4.51427 2.03 0.30258 0.55 0.27 1704 11 1734 89 1769 18 0.96
16 6227 2 2.84666 2.46 0.23074 0.93 0.38 1338 14 1368 69 1414 22 0.95
29 7166 2 2.47987 4.39 0.21538 3.37 0.77 1257 47 1266 105 1281 27 0.98
13 12166 4 4.43974 1.72 0.29854 0.80 0.47 1684 15 1720 75 1764 14 0.95
6 105314 3 2.50216 8.68 0.22212 1.53 0.18 1293 22 1273 200 1238 84 1.04
4 13204 4 3.00461 8.41 0.23585 1.23 0.15 1365 19 1409 229 1476 79 0.93
39 49809 2 3.28890 1.27 0.23142 0.56 0.44 1342 8 1478 41 1680 11 0.80
16 4495 6 2.55364 3.02 0.22121 0.95 0.31 1288 14 1288 76 1286 28 1.00
16 17382 5 2.05632 2.42 0.18910 0.61 0.25 1117 7 1134 49 1169 23 0.96
29 74903 5 4.74587 1.16 0.31427 0.82 0.71 1762 17 1775 54 1792 7 0.98
9 4184 6 2.64336 3.39 0.21192 1.31 0.39 1239 18 1313 87 1435 30 0.86
12 83539 5 2.99211 2.73 0.23915 0.88 0.32 1382 14 1406 80 1441 25 0.96
12 3519 7 3.15796 6.31 0.24985 2.56 0.41 1438 41 1447 185 1461 55 0.98
13 16191 4 3.03263 3.20 0.24512 0.54 0.17 1413 9 1416 94 1420 30 1.00
9 27026 2 4.64043 2.20 0.31406 0.57 0.26 1761 12 1757 99 1752 19 1.01
33 2761 5 4.33530 1.67 0.29318 0.62 0.37 1657 12 1700 71 1753 14 0.95
21 46130 1 2.68616 2.02 0.22866 1.14 0.57 1328 17 1325 54 1320 16 1.01
17 62157 2 4.64878 1.41 0.30986 0.82 0.58 1740 16 1758 65 1780 10 0.98
30 12376 3 4.81113 6.29 0.31975 0.62 0.10 1789 13 1787 269 1785 57 1.00
28 42313 3 4.08581 1.33 0.27714 1.07 0.80 1577 19 1652 54 1748 7 0.90
7 5105 4 5.33850 2.24 0.32971 0.95 0.43 1837 20 1875 115 1918 18 0.96
17 9090 1 3.95961 2.15 0.25705 1.44 0.67 1475 24 1626 83 1828 15 0.81
13 51320 2 2.08070 2.59 0.19373 1.15 0.44 1142 14 1143 53 1144 23 1.00
12 35277 4 2.89175 1.79 0.22978 0.50 0.28 1333 8 1380 51 1452 16 0.92
15 29693 4 2.47941 2.73 0.21917 0.94 0.35 1278 13 1266 67 1247 25 1.02
33 18029 4 2.41451 2.36 0.19768 1.27 0.54 1163 16 1247 56 1395 19 0.83
32 73713 3 4.92751 0.76 0.31822 0.60 0.79 1781 12 1807 37 1837 4 0.97
23 46127 1 2.76393 2.24 0.22240 0.93 0.42 1295 13 1346 61 1428 19 0.91
27 22641 2 4.50838 0.93 0.29261 0.68 0.73 1655 13 1733 42 1828 6 0.91
13 50424 3 4.67459 1.25 0.31208 0.64 0.51 1751 13 1763 58 1777 10 0.99
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TABLE 4 (cont.):  U-Pb geochronologic analyses by Laser-Ablation Multicollector ICP Mass Spectrometery
Isotopic ratios Apparent ages (Ma)
U
206Pbm U/Th
207Pb* ± (%)
206Pb* ± (%) error
206Pb* ±(Ma)
207Pb* ±(Ma)
206Pb* ±(Ma) % disc.
(ppm) 204Pb 235U 238U corr. 238U 235U 207Pb*
C) T02-75-1Z
6 48416 4 3.13013 3.68 0.25052 1.07 0.29 1441 17 1440 111 1439 34 1.00
14 21319 2 12.72133 1.16 0.48241 0.89 0.77 2538 28 2659 140 2753 6 0.92
9 3714 1 2.42548 3.38 0.21657 2.03 0.60 1264 28 1250 80 1227 26 1.03
14 2939 4 2.39904 2.50 0.21432 0.38 0.15 1252 5 1242 59 1226 24 1.02
13 2513 1 2.46248 3.30 0.21840 1.01 0.30 1273 14 1261 79 1240 31 1.03
22 6639 8 2.81303 3.37 0.22561 3.00 0.89 1312 44 1359 92 1435 15 0.91
25 71701 1 2.55085 2.12 0.21952 1.31 0.62 1279 19 1287 54 1299 16 0.98
17 14966 6 3.60366 2.65 0.25242 1.03 0.39 1451 17 1550 93 1689 23 0.86
13 42678 5 2.46878 3.15 0.21474 0.56 0.18 1254 8 1263 76 1278 30 0.98
11 11340 3 3.12944 1.70 0.24972 0.74 0.44 1437 12 1440 53 1444 15 1.00
29 10274 5 2.17376 2.13 0.19755 0.85 0.40 1162 11 1173 46 1192 19 0.97
17 45762 3 4.63307 0.98 0.31247 0.63 0.64 1753 13 1755 45 1758 7 1.00
26 12518 6 2.47174 1.75 0.21397 0.62 0.36 1250 9 1264 43 1287 16 0.97
23 22120 3 5.14915 1.63 0.32549 1.44 0.88 1817 30 1844 82 1876 7 0.97
27 19012 2 2.48840 1.48 0.21518 0.68 0.46 1256 9 1269 37 1290 13 0.97
31 34577 4 2.25162 1.35 0.20173 0.95 0.71 1185 12 1197 30 1220 9 0.97
18 9336 5 2.17236 2.69 0.20018 0.63 0.23 1176 8 1172 58 1165 26 1.01
9 7513 3 2.44333 2.86 0.21343 1.04 0.36 1247 14 1256 69 1270 26 0.98
47 2365 1 2.43969 2.46 0.21366 2.25 0.92 1248 31 1254 59 1265 10 0.99
11 7115 2 2.15233 4.16 0.19789 1.21 0.29 1164 15 1166 87 1169 39 1.00
15 12147 3 5.32673 3.09 0.32629 2.96 0.96 1820 62 1873 155 1932 8 0.94
21 31633 4 4.67254 1.09 0.29476 0.53 0.48 1665 10 1762 51 1879 9 0.89
13 8862 5 2.34932 3.26 0.20935 1.03 0.32 1225 14 1227 75 1231 30 1.00
14 4877 4 2.42685 3.16 0.21555 1.00 0.32 1258 14 1251 75 1237 29 1.02
19 17816 5 2.45340 2.36 0.21384 0.54 0.23 1249 7 1258 57 1274 22 0.98
30 31745 8 2.54277 1.14 0.21884 0.40 0.35 1276 6 1284 29 1299 10 0.98
17 8777 8 2.87957 2.12 0.23093 0.97 0.46 1339 14 1377 60 1435 18 0.93
22 25517 3 3.81375 1.91 0.25877 1.09 0.57 1484 18 1596 71 1747 14 0.85
27 26290 3 2.51908 1.90 0.21782 0.42 0.22 1270 6 1278 47 1290 18 0.98
16 25823 5 3.90994 2.38 0.26270 1.37 0.58 1504 23 1616 90 1765 18 0.85
18 17787 3 2.46052 2.12 0.21257 0.70 0.33 1243 10 1261 52 1291 19 0.96
21 94305 8 3.62467 1.44 0.25044 0.61 0.43 1441 10 1555 52 1714 12 0.84
16 16480 2 5.14987 1.68 0.32044 0.94 0.56 1792 19 1844 85 1904 13 0.94
18 1283 3 3.82191 1.72 0.27107 0.91 0.53 1546 16 1597 65 1665 13 0.93
21 48310 3 5.74377 0.79 0.34550 0.62 0.79 1913 14 1938 45 1965 4 0.97
17 8427 5 2.44813 2.44 0.21333 0.46 0.19 1247 6 1257 59 1275 23 0.98
21 5238 1 4.67269 2.00 0.28008 1.88 0.94 1592 34 1762 91 1971 6 0.81
23 42741 1 3.34718 1.61 0.23638 0.77 0.48 1368 12 1492 53 1673 13 0.82
6 10368 2 4.77294 5.60 0.30010 1.41 0.25 1692 27 1780 240 1885 49 0.90
14 10900 3 4.98709 2.70 0.30677 2.07 0.77 1725 41 1817 128 1925 16 0.90
25 136818 3 3.54253 1.70 0.25438 1.44 0.85 1461 24 1537 59 1643 8 0.89
21 25843 5 2.70689 2.05 0.21622 0.64 0.31 1262 9 1330 55 1442 19 0.87
57 8826 3 10.45533 1.43 0.42147 1.41 0.99 2267 38 2476 142 2652 2 0.85
7 6095 9 4.30684 3.83 0.29590 2.54 0.66 1671 48 1695 155 1724 26 0.97
18 28747 3 5.37094 1.25 0.32790 0.98 0.79 1828 21 1880 66 1938 7 0.94
18 23818 4 2.62812 1.64 0.21356 0.77 0.47 1248 11 1309 43 1410 14 0.89
36 14564 2 3.98448 1.82 0.27599 1.40 0.77 1571 25 1631 71 1709 11 0.92
25 12525 3 2.46087 2.27 0.21284 0.83 0.37 1244 11 1261 55 1289 21 0.96
27 64991 2 5.58141 1.01 0.33860 0.70 0.69 1880 15 1913 56 1950 7 0.96
10 1284 4 2.50728 4.69 0.21550 0.82 0.18 1258 11 1274 113 1301 45 0.97
14 19962 4 3.62427 2.77 0.25018 0.83 0.30 1439 13 1555 97 1715 24 0.84
6 1586 2 4.00134 7.84 0.26917 1.32 0.17 1537 23 1635 277 1763 71 0.87
10 9100 3 2.89299 3.53 0.23374 1.34 0.38 1354 20 1380 99 1421 31 0.95
14 45231 5 4.58699 1.78 0.29562 1.01 0.57 1670 19 1747 80 1841 13 0.91
5 17187 14 2.38041 7.35 0.21280 1.20 0.16 1244 17 1237 164 1225 71 1.02
4 2766 1 2.95844 6.43 0.24064 1.03 0.16 1390 16 1397 177 1408 61 0.99
30 14835 2 4.17486 1.18 0.28675 0.86 0.73 1625 16 1669 49 1725 7 0.94
12 1952 1 2.24415 3.06 0.20223 1.88 0.62 1187 25 1195 67 1209 24 0.98
23 97662 4 3.43144 1.55 0.24626 0.85 0.55 1419 14 1512 53 1644 12 0.86
9 12004 3 4.98996 1.77 0.31153 0.60 0.34 1748 12 1818 86 1898 15 0.92
9 4757 7 2.50656 4.34 0.21974 0.57 0.13 1281 8 1274 105 1263 42 1.01
10 18700 3 5.37809 2.40 0.33027 0.98 0.41 1840 21 1881 123 1928 20 0.95
10 30629 5 3.09516 3.00 0.24490 0.84 0.28 1412 13 1432 90 1460 27 0.97
24 6631 1 3.85184 1.30 0.27037 0.93 0.72 1543 16 1604 50 1685 8 0.92
15 16998 2 3.12722 2.45 0.22362 0.89 0.36 1301 13 1439 75 1650 21 0.80
14 5529 2 4.85552 1.71 0.28873 1.14 0.67 1635 21 1795 81 1985 11 0.82
11 20086 3 3.13111 3.37 0.25006 2.32 0.69 1439 37 1440 102 1443 23 1.00
7 13988 4 2.74095 4.08 0.22019 1.83 0.45 1283 26 1340 108 1431 35 0.90
22 84386 3 3.03274 1.50 0.24060 0.44 0.29 1390 7 1416 45 1455 14 0.95
9 9222 4 2.47579 3.47 0.22060 0.79 0.23 1285 11 1265 84 1231 33 1.04
8 48104 6 2.41806 4.97 0.21328 0.78 0.16 1246 11 1248 115 1251 48 1.00
31 23140 2 4.28602 1.37 0.28840 1.04 0.76 1634 19 1691 58 1762 8 0.93
34 3685 2 3.16252 3.60 0.22748 3.48 0.97 1321 51 1448 109 1639 8 0.81
8 4626 0 2.10556 5.67 0.19556 1.19 0.21 1151 15 1151 115 1149 55 1.00
10 15091 7 2.82889 3.35 0.23015 0.81 0.24 1335 12 1363 92 1407 31 0.95
27 45288 3 5.23097 1.15 0.32141 0.47 0.41 1797 10 1858 59 1927 9 0.93
5 5458 2 4.69548 5.21 0.29295 2.31 0.44 1656 44 1766 222 1899 42 0.87
18 23145 4 5.23600 1.25 0.32565 0.62 0.50 1817 13 1859 65 1905 10 0.95
6 10545 7 3.39775 5.75 0.23711 1.88 0.33 1372 29 1504 181 1695 50 0.81
11 11424 5 4.58396 2.06 0.30750 0.92 0.45 1728 18 1746 92 1768 17 0.98
29 58477 3 5.00727 0.73 0.31394 0.53 0.72 1760 11 1821 37 1891 5 0.93
34 4012 1 10.25257 1.58 0.42198 1.47 0.93 2269 40 2458 152 2618 5 0.87
22 30163 6 5.78626 1.06 0.32617 0.63 0.59 1820 13 1944 61 2080 8 0.88
35 51168 3 2.67208 1.76 0.21812 0.77 0.44 1272 11 1321 47 1401 15 0.91
16 26108 3 2.43222 2.89 0.21704 0.61 0.21 1266 9 1252 69 1228 28 1.03
10 22267 2 5.25652 1.69 0.32206 0.66 0.39 1800 14 1862 87 1932 14 0.93
6 7107 2 4.84523 3.00 0.29500 1.02 0.34 1666 19 1793 138 1943 25 0.86
20 28324 7 3.29158 1.65 0.23557 0.75 0.45 1364 11 1479 54 1649 14 0.83
28 54796 3 4.31412 1.17 0.29842 0.84 0.72 1683 16 1696 50 1712 7 0.98
13 13526 6 2.94035 2.88 0.23574 0.99 0.34 1365 15 1392 83 1435 26 0.95
10 6376 6 5.54592 2.24 0.31951 0.70 0.31 1787 14 1908 119 2041 19 0.88
21 59333 1 12.18615 1.05 0.47202 0.86 0.82 2492 26 2619 122 2718 5 0.92
15 1227 3 4.76654 1.49 0.31740 0.86 0.58 1777 18 1779 70 1781 11 1.00
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TABLE 4 (cont.):  U-Pb geochronologic analyses by Laser-Ablation Multicollector ICP Mass Spectrometery
Isotopic ratios Apparent ages (Ma)
U
206Pbm U/Th
207Pb* ± (%)
206Pb* ± (%) error
206Pb* ±(Ma)
207Pb* ±(Ma)
206Pb* ±(Ma) % disc.
(ppm) 204Pb 235U 238U corr. 238U 235U 207Pb*
D) K00-53-3
24 4410 11 1.58437 1.66 0.15801 0.90 0.54 946 9 964 26 1006 14 0.94
22 28531 9 1.92026 1.35 0.17665 0.82 0.61 1049 9 1088 26 1168 11 0.90
30 1553 34 2.12963 2.36 0.19652 0.91 0.39 1157 12 1159 50 1162 22 1.00
11 806 26 1.85207 4.14 0.17267 2.42 0.59 1027 27 1064 75 1142 33 0.90
9 11495 5 3.97799 2.67 0.28183 0.62 0.23 1601 11 1630 103 1668 24 0.96
10 21028 9 6.47046 1.29 0.36920 0.66 0.51 2026 16 2042 81 2058 10 0.98
12 11937 14 2.15810 1.83 0.19677 0.74 0.41 1158 9 1168 39 1186 16 0.98
29 23458 22 2.15797 2.01 0.19689 1.46 0.73 1159 19 1168 43 1184 14 0.98
15 11669 17 2.95029 2.36 0.23859 1.24 0.53 1379 19 1395 68 1419 19 0.97
9 91620 18 2.38325 2.99 0.21014 0.88 0.29 1230 12 1238 70 1252 28 0.98
23 12588 7 1.85061 2.69 0.18118 0.67 0.25 1073 8 1064 49 1044 26 1.03
6 60447 10 2.93142 5.90 0.23513 1.14 0.19 1361 17 1390 162 1434 55 0.95
64 13281 13 1.99360 1.12 0.18328 0.66 0.59 1085 8 1113 22 1169 9 0.93
6 15986 12 1.78597 7.13 0.17014 1.57 0.22 1013 17 1040 122 1098 70 0.92
17 4281 24 1.91983 4.35 0.18346 2.94 0.68 1086 35 1088 81 1092 32 0.99
49 3205 14 2.79671 0.87 0.22214 0.70 0.81 1293 10 1355 24 1453 5 0.89
8 11633 9 1.92282 3.37 0.18221 0.82 0.24 1079 10 1089 64 1109 33 0.97
16 10060 13 2.69008 1.47 0.21795 0.97 0.66 1271 14 1326 39 1415 11 0.90
13 4990 18 2.21739 3.85 0.20268 1.59 0.41 1190 21 1187 83 1181 35 1.01
12 2999 13 1.77883 4.96 0.17878 0.74 0.15 1060 9 1038 86 991 50 1.07
10 5399 16 2.14652 3.03 0.19585 1.25 0.41 1153 16 1164 64 1184 27 0.97
7 7229 4 12.46534 1.41 0.49198 1.02 0.72 2579 32 2640 164 2687 8 0.96
18 4421 20 1.84959 2.67 0.17812 1.37 0.51 1057 16 1063 49 1077 23 0.98
50 6979 25 1.88378 1.06 0.17975 0.63 0.60 1066 7 1075 20 1095 8 0.97
17 9272 38 2.61727 2.15 0.21343 1.18 0.55 1247 16 1306 56 1403 17 0.89
19 2310 17 1.84989 3.25 0.17762 0.65 0.20 1054 7 1063 59 1083 32 0.97
29 138712 17 1.75763 2.70 0.17031 0.95 0.35 1014 10 1030 47 1064 25 0.95
46 19016 9 2.92561 0.84 0.23573 0.70 0.83 1365 11 1389 25 1426 4 0.96
32 46298 9 2.14663 1.56 0.19459 1.25 0.80 1146 16 1164 34 1197 9 0.96
13 2590 5 3.83759 2.10 0.27306 0.92 0.44 1556 16 1601 79 1660 18 0.94
9 2349 23 1.75797 5.68 0.16883 2.12 0.37 1006 23 1030 97 1082 53 0.93
16 7564 11 3.93004 1.31 0.27209 0.69 0.53 1551 12 1620 51 1710 10 0.91
35 1260 4 4.04818 2.43 0.28645 0.83 0.34 1624 15 1644 95 1670 21 0.97
57 24666 20 1.81720 0.93 0.17338 0.72 0.78 1031 8 1052 17 1095 6 0.94
25 2307 64 1.98810 2.79 0.18804 1.88 0.67 1111 23 1112 55 1113 21 1.00
37 3597 27 1.67788 2.06 0.15582 1.37 0.66 934 14 1000 35 1149 15 0.81
11 7124 8 4.69070 1.67 0.31574 0.68 0.41 1769 14 1766 77 1762 14 1.00
16 3442 25 1.88592 2.82 0.17097 1.37 0.49 1018 15 1076 53 1197 24 0.85
31 4359 18 2.24140 1.40 0.20110 0.81 0.58 1181 11 1194 32 1217 11 0.97
31 11029 11 4.52259 1.05 0.29996 0.88 0.84 1691 17 1735 47 1789 5 0.95
18 7994 15 4.74093 1.39 0.31683 0.84 0.60 1774 17 1775 65 1775 10 1.00
22 2515 26 1.79896 3.62 0.17199 2.17 0.60 1023 24 1045 64 1091 29 0.94
13 3040 24 2.45264 5.14 0.21408 2.61 0.51 1251 36 1258 121 1271 43 0.98
74 6419 18 2.45231 0.88 0.20468 0.64 0.73 1200 8 1258 22 1358 6 0.88
45 30412 12 2.08602 1.03 0.19166 0.80 0.78 1130 10 1144 22 1171 6 0.97
16 21448 12 3.75546 1.80 0.26282 1.01 0.56 1504 17 1583 67 1690 14 0.89
27 19523 12 2.22064 1.92 0.20085 0.97 0.51 1180 13 1188 42 1202 16 0.98
23 8375 6 1.97716 1.81 0.18426 0.55 0.30 1090 7 1108 36 1142 17 0.95
36 29948 13 2.06553 1.51 0.18928 0.84 0.56 1118 10 1138 31 1176 12 0.95
5 1542 8 1.50297 8.33 0.14630 1.42 0.17 880 13 932 120 1055 83 0.83
47 4540 17 1.94707 1.39 0.17787 0.83 0.60 1055 10 1097 27 1182 11 0.89
19 17818 14 12.31735 0.66 0.47974 0.58 0.88 2526 18 2629 80 2709 3 0.93
27 17207 10 2.71732 2.45 0.21635 1.67 0.68 1263 23 1333 66 1449 17 0.87
53 5649 32 2.03473 1.42 0.18680 1.15 0.81 1104 14 1127 29 1172 8 0.94
23 6650 16 1.67056 2.21 0.16013 1.05 0.47 958 11 997 37 1086 20 0.88
34 10526 16 1.80434 1.31 0.17224 0.51 0.39 1024 6 1047 24 1095 12 0.94
71 4062 25 2.19091 1.41 0.20097 0.74 0.52 1181 10 1178 31 1174 12 1.01
9 7948 9 2.69601 3.46 0.21970 1.36 0.39 1280 19 1327 91 1404 30 0.91
20 6517 9 1.70776 2.03 0.16881 0.69 0.34 1006 8 1011 35 1024 19 0.98
42 2420 12 1.81192 2.08 0.17064 0.75 0.36 1016 8 1050 38 1122 19 0.91
20 3852 9 1.85760 2.77 0.17040 0.76 0.28 1014 8 1066 51 1174 26 0.86
13 18197 15 15.21016 1.55 0.52810 1.21 0.78 2734 41 2829 215 2897 8 0.94
23 34651 7 4.50705 1.08 0.30371 0.86 0.80 1710 17 1732 48 1760 6 0.97
27 34459 9 1.83446 1.57 0.17426 1.14 0.73 1036 13 1058 29 1104 11 0.94
14 4758 12 1.96087 3.99 0.17973 1.38 0.35 1066 16 1102 77 1175 37 0.91
46 16771 19 1.79796 1.68 0.17504 0.85 0.51 1040 10 1045 30 1055 15 0.99
12 2337 10 1.84157 2.79 0.17717 0.85 0.30 1052 10 1060 51 1079 27 0.97
16 5206 5 2.04381 2.47 0.18637 0.84 0.34 1102 10 1130 50 1185 23 0.93
13 4549 11 2.26837 2.73 0.20573 0.90 0.33 1206 12 1203 61 1196 25 1.01
11 8935 28 2.39376 3.03 0.21021 0.48 0.16 1230 7 1241 71 1260 29 0.98
35 14672 10 2.65857 1.10 0.22464 0.72 0.65 1306 10 1317 29 1334 8 0.98
13 10292 10 2.41604 4.37 0.21276 1.38 0.32 1244 19 1247 102 1254 41 0.99
9 4141 14 1.85246 5.54 0.17913 1.11 0.20 1062 13 1064 99 1069 55 0.99
10 4855 7 1.94965 4.67 0.18484 1.49 0.32 1093 18 1098 89 1108 44 0.99
9 4248 14 1.98455 4.71 0.18794 0.72 0.15 1110 9 1110 91 1110 47 1.00
46 1328 23 1.55234 1.62 0.15029 1.01 0.62 903 10 951 25 1066 13 0.85
9 6147 9 2.02479 5.48 0.18971 1.03 0.19 1120 13 1124 107 1132 54 0.99
38 2250 8 2.16600 1.17 0.18979 0.65 0.56 1120 8 1170 25 1264 10 0.89
5 2537 26 2.02783 6.42 0.19080 4.08 0.64 1126 50 1125 124 1123 49 1.00
8 3772 11 2.11928 3.65 0.19693 1.80 0.49 1159 23 1155 76 1148 31 1.01
17 5724 18 1.76141 3.06 0.17249 0.90 0.29 1026 10 1031 53 1043 30 0.98
22 27999 8 14.34762 1.08 0.52206 0.96 0.89 2708 32 2773 147 2821 4 0.96
61 6416 36 1.89413 0.96 0.17549 0.55 0.57 1042 6 1079 18 1154 8 0.90
24 30700 14 5.54387 1.05 0.33617 0.86 0.82 1868 19 1907 58 1950 5 0.96
60 42013 24 1.93149 1.07 0.17727 0.85 0.79 1052 10 1092 21 1173 6 0.90
206Pb/204Pb is measured ratio.
All errors are at the 1-sigma level.
Ages in bold are interpreted to be the best estimates of crystallization age (206Pb/238U ages for <1.4 Ga, 206Pb/207Pb ages for >1.4 Ga)
U concentration and U/Th have uncertainties of ~25%.
Decay constants: 235U=9.8485x10-10.  238U=1.55125x10-10, 238U/235U=137.88.
Isotope ratios are corrected for Pb/U fractionation by comparison with standard zircon with an age of 564 ± 4 Ma (2-sigma)
Initial Pb composition interpreted from Stacey and Kramers (1975), with uncertainties of 1.0 for 206Pb/204Pb and 0.3 for 207Pb/204Pb.
222
 223
Appendix 3: 
 
40Ar/39Ar K-feldspar and mica 
analytical data for Chapter 4 
IDTemp/Power 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   
(°C/W) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   
T01-UN-1b, E:2:140, Biotite, 0.74 mg,  J=0.0148129, D=1.00535, NM-140,  Lab#=52453-01
A 1.0 29.80 0.1157 21.93 0.752 4.4 78.2 0.5 541.4 18.2
B 1.4 55.13 0.0641 19.45 0.371 8.0 89.6 0.7 1002.1 23.7
C 1.7 63.79 0.0431 10.01 0.588 11.8 95.4 1.1 1172.8 16.9
D 2.0 69.10 0.0204 3.991 1.366 25.0 98.3 2.0 1271.1 8.7
E 2.3 70.92 0.0167 6.018 1.708 30.6 97.5 3.1 1287.5 6.2
F 2.7 75.31 0.0071 2.071 4.92 71.7 99.2 6.3 1360.3 2.6
G 3.0 76.89 0.0039 0.7929 6.11 130.5 99.7 10.2 1385.2 1.9
H 3.3 76.39 0.0032 0.7307 5.52 159.0 99.7 13.8 1379.1 1.5
I 3.6 76.27 0.0024 0.6584 6.61 215.6 99.7 18.0 1377.8 2.3
J 4.0 77.04 0.0017 0.4752 11.47 292.7 99.8 25.4 1388.3 1.9
K 4.5 78.06 0.0032 0.2586 35.3 159.4 99.9 48.2 1402.0 2.2
L 5.0 78.55 0.0043 0.2719 24.7 117.5 99.9 64.1 1408.1 2.3
M 5.5 78.34 0.0045 0.2850 10.89 113.0 99.9 71.1 1405.4 1.3
N 6.0 78.93 0.0030 0.2669 9.75 168.2 99.9 77.4 1412.8 1.8
O 8.0 78.66 0.0056 0.1249 35.1 91.7 100.0 100.0 1410.0 2.5
Integrated age  1±s n=15 155.2 K2O=5.44 % 1393.6 1.3
Plateau  1±s steps K-O n=5 MSWD=4.72 115.7 126.3 74.6 1407.3 2.1
T01-UN-2b, E:4:140, Biotite, 0.83 mg,  J=0.0146549, D=1.00535, NM-140,  Lab#=52454-01
A 1.0 34.75 0.0375 58.68 3.82 13.6 50.0 1.5 414.0 3.8
B 1.4 26.75 0.0419 10.01 2.67 12.2 88.9 2.6 545.8 3.6
C 1.7 31.50 0.0300 7.636 1.468 17.0 92.8 3.2 650.9 5.1
D 2.0 35.84 0.0153 5.249 2.102 33.4 95.7 4.0 743.1 2.6
E 2.3 53.18 0.0098 3.099 11.65 51.8 98.3 8.6 1038.1 1.3
F 2.7 66.65 0.0050 1.665 21.8 102.7 99.3 17.3 1237.5 1.9
G 3.0 73.43 0.0045 0.7993 28.9 114.6 99.7 28.8 1330.6 2.4
H 3.3 75.80 0.0039 0.7226 32.0 131.2 99.7 41.6 1361.4 2.2
I 3.6 76.31 0.0040 0.6020 23.9 126.6 99.8 51.1 1368.2 2.6
J 4.0 75.66 0.0059 0.8393 23.9 86.3 99.7 60.6 1359.1 2.3
K 4.5 74.50 0.0073 1.126 34.4 69.5 99.6 74.3 1343.2 2.7
L 5.0 71.94 0.0080 1.382 22.7 63.4 99.4 83.3 1309.0 2.7
M 5.5 70.12 0.0088 1.572 14.64 58.2 99.3 89.2 1284.4 1.4
N 6.0 69.43 0.0093 1.568 10.68 54.9 99.3 93.4 1275.3 1.5
O 8.0 71.82 0.0114 1.320 16.55 44.6 99.5 100.0 1307.7 2.5
Integrated age  1±s n=15 251.2 K2O=7.93 % 1288.0 1.2
Plateau  1±s steps G-O n=9 MSWD=321.40207.6 89.6 82.7 1313.9 12.4
224
IDTemp/Power 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   
(°C/W) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   
T01-RR-3m E:5:140 muscovite, 1.03 mg,  J=0.014592, D=1.00535, NM-140,  Lab#=52455-01
A 1.0 35.07 0.0877 21.43 0.804 5.8 81.9 0.2 639.1 35.5
B 1.4 57.43 0.0582 32.93 0.325 8.8 83.0 0.3 964.2 33.1
C 1.7 67.89 0.0245 5.193 0.428 20.8 97.7 0.4 1236.3 18.6
D 2.0 71.42 0.0110 5.987 0.883 46.4 97.5 0.7 1280.3 10.0
E 2.3 74.15 0.0047 1.633 1.630 107.9 99.3 1.2 1332.7 4.7
F 2.7 75.53 0.0030 1.258 3.59 168.2 99.5 2.2 1351.8 2.2
G 3.0 76.54 0.0015 0.5905 8.04 334.6 99.8 4.5 1367.1 1.8
H 3.3 77.23 0.0005 0.2956 25.4 ###### 99.9 11.7 1376.8 1.7
I 3.6 77.47 0.0003 0.1701 20.10 ###### 99.9 17.4 1380.3 2.3
J 4.0 78.13 0.0002 0.1637 37.0 ###### 99.9 28.0 1388.6 2.1
K 4.5 78.41 53.0000 0.1371 71.4 ###### 99.9 48.3 1392.1 3.0
L 5.0 77.80 0.0006 0.2107 26.2 831.1 99.9 55.7 1384.2 1.7
M 5.5 77.53 0.0008 0.2201 20.23 675.0 99.9 61.5 1380.9 2.0
N 6.0 77.49 0.0006 0.1063 28.5 848.6 100.0 69.6 1380.7 1.3
O 8.0 78.70 0.0003 0.1021 106.8 ###### 100.0 100.0 1395.9 2.9
Integrated age  1±s n=15 351.3 K2O=8.98 % 1385.5 1.5
Plateau  1±s steps K-O n=5 MSWD=8.23 253.1 ###### 72.0 1383.7 2.6
T01-RR-5b E:7:140, Biotite, 0.70 mg,  J=0.0145782, D=1.00535, NM-140,  Lab#=52456-01
A 1.0 39.67 0.0148 35.34 7.71 34.5 73.6 3.2 647.4 2.2
B 1.4 49.96 0.0071 3.016 14.40 71.6 98.2 9.3 985.1 1.1
C 1.7 53.51 0.0057 1.888 16.21 89.3 99.0 16.1 1044.4 1.4
D 2.0 55.02 0.0039 1.090 25.2 129.6 99.4 26.8 1070.4 1.5
E 2.3 55.44 0.0037 0.7648 26.2 136.4 99.6 37.8 1078.0 1.5
F 2.7 55.93 0.0036 0.5991 23.0 140.3 99.7 47.5 1086.0 1.8
G 3.0 55.90 0.0039 0.7123 12.93 129.7 99.6 53.0 1085.0 2.9
H 3.3 55.51 0.0045 1.062 8.90 113.9 99.4 56.7 1077.8 1.9
I 3.6 55.04 0.0063 1.192 8.72 81.3 99.4 60.4 1070.3 1.4
J 4.0 54.54 0.0071 1.156 11.41 72.0 99.4 65.2 1063.1 1.5
K 4.5 54.33 0.0063 1.020 32.1 81.5 99.4 78.7 1060.5 1.8
L 5.0 55.10 0.0052 0.7504 16.74 97.9 99.6 85.8 1073.1 1.6
M 5.5 54.74 0.0080 0.8299 6.35 63.5 99.6 88.4 1067.5 1.5
N 6.0 55.06 0.0124 1.120 6.96 41.0 99.4 91.4 1071.0 1.5
O 8.0 55.79 0.0552 0.6640 20.46 9.2 99.7 100.0 1083.8 1.5
Integrated age  1±s n=15 237.3 K2O=8.93 % 1054.31 0.95
Plateau  1±s steps D-O n=12 MSWD=22.65 199.0 97.6 83.9 1073.1 2.4
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IDTemp/Power 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   
(°C/W) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   
T01-RR-8b E:8:140, Biotite, 0.97 mg,  J=0.0146309, D=1.00535, NM-140,  Lab#=52457-01
A 1.0 32.08 0.0766 10.20 2.99 6.7 90.6 0.8 646.8 10.3
B 1.4 54.88 0.0251 1.722 5.53 20.3 99.1 2.2 1068.5 2.5
C 1.7 58.25 0.0123 0.7646 14.10 41.6 99.6 5.8 1122.0 1.1
D 2.0 59.99 0.0063 0.2262 29.0 81.5 99.9 13.2 1149.36 0.94
E 2.3 61.36 0.0036 0.1948 36.1 140.4 99.9 22.5 1168.8 2.4
F 2.7 62.73 0.0033 0.1421 48.3 153.8 99.9 34.8 1188.3 2.2
G 3.0 63.50 0.0036 0.1520 34.5 143.0 99.9 43.7 1198.9 1.3
H 3.3 62.69 0.0052 0.2481 17.28 98.5 99.9 48.1 1187.3 1.4
I 3.6 61.35 0.0059 0.2676 15.57 85.9 99.9 52.1 1168.4 1.1
J 4.0 59.64 0.0065 0.1392 19.24 79.1 99.9 57.0 1144.7 1.6
K 4.5 59.79 0.0061 0.0782 57.4 84.0 100.0 71.7 1147.2 2.0
L 5.0 60.84 0.0059 0.0855 23.1 86.7 100.0 77.6 1162.0 1.9
M 5.5 62.34 0.0120 0.1175 17.86 42.7 99.9 82.2 1182.9 1.7
N 6.0 62.41 0.0369 0.1552 19.51 13.8 99.9 87.2 1183.9 2.0
O 8.0 61.16 0.1782 0.0486 50.0 2.9 100.0 100.0 1166.9 2.8
Integrated age  1±s n=15 390.5 K2O=10.57 % 1163.2 1.1
Plateau  1±s steps E-O n=11 MSWD=113.30338.9 88.5 86.8 1174.7 5.4
T01-RR-9b E:10:140, Biotite, 0.71 mg,  J=0.0147889, D=1.00535, NM-140,  Lab#=52458-01
A 1.0 35.09 0.0730 5.774 1.054 7.0 95.1 0.5 732.4 7.0
B 1.4 53.51 0.0177 1.856 3.20 28.9 99.0 2.0 1056.0 2.3
C 1.7 55.58 0.0085 0.5584 6.93 59.9 99.7 5.3 1092.7 1.4
D 2.0 56.71 0.0062 0.3533 13.98 81.9 99.8 12.0 1110.4 1.4
E 2.3 56.62 0.0039 0.2581 21.07 130.2 99.9 22.1 1109.4 1.7
F 2.7 56.74 0.0029 0.1834 30.6 175.0 99.9 36.7 1111.5 1.3
G 3.0 57.22 0.0025 0.1558 21.5 200.5 99.9 46.9 1118.8 1.6
H 3.3 56.97 0.0036 0.1584 16.50 141.1 99.9 54.8 1115.0 1.8
I 3.6 57.08 0.0056 0.3519 9.45 91.7 99.8 59.3 1115.8 1.3
J 4.0 56.72 0.0084 0.2902 7.95 60.5 99.8 63.1 1110.8 1.1
K 4.5 56.17 0.0123 0.1661 17.93 41.6 99.9 71.7 1103.2 2.0
L 5.0 56.39 0.0107 0.1522 11.09 47.8 99.9 77.0 1106.6 1.4
M 5.5 56.82 0.0072 0.1112 13.08 71.0 99.9 83.2 1113.0 2.1
N 6.0 56.53 0.0095 0.1938 11.52 53.5 99.9 88.7 1108.4 1.1
O 8.0 57.03 0.0792 0.1968 23.6 6.4 99.9 100.0 1115.9 2.2
Integrated age  1±s n=15 209.4 K2O=7.66 % 1108.7 1.0
Plateau  1±s steps D-O n=12 MSWD=7.62 198.2 101.9 94.7 1111.3 1.4
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IDTemp/Power 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   
(°C/W) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   
T-IL-1b D:7:140, Biotite, J=0.0145179, D=1.00535, NM-140,  Lab#=52448-01
A 0.8 15.34 0.1085 18.82 2.53 4.7 63.7 1.0 242.0 20.8
B 1.0 24.34 0.0426 11.98 0.890 12.0 85.4 1.4 481.5 9.3
C 1.3 37.62 0.0196 7.315 1.421 26.1 94.2 1.9 758.0 7.6
D 1.6 57.63 0.0069 5.492 2.86 74.0 97.2 3.0 1086.4 3.3
E 1.9 68.06 0.0050 1.919 6.04 101.5 99.2 5.4 1247.1 1.6
F 2.1 71.36 0.0032 1.005 7.02 159.0 99.6 8.2 1294.2 2.4
G 2.3 72.70 0.0029 0.8933 8.21 173.8 99.6 11.5 1312.0 1.7
H 2.5 74.08 0.0020 0.6583 10.94 256.7 99.7 15.8 1330.7 1.9
I 2.8 74.91 0.0020 0.4921 16.67 261.5 99.8 22.4 1341.9 2.0
J 3.0 76.14 0.0018 0.4455 14.88 290.7 99.8 28.3 1357.6 2.0
K 3.3 75.87 0.0024 0.4859 16.13 211.2 99.8 34.7 1354.1 1.7
L 3.5 75.33 0.0020 0.6127 13.56 251.8 99.8 40.1 1346.8 2.6
M 4.0 75.33 0.0032 0.5941 12.92 160.8 99.8 45.2 1346.9 1.6
N 5.0 74.19 0.0087 0.6456 23.8 58.6 99.7 54.6 1332.1 2.1
O 8.0 76.46 0.0166 0.2132 114.6 30.7 99.9 100.0 1362.5 3.0
Integrated age  1±s n=15 252.5 1331.4 1.8
Plateau  1±s steps J-O n=6 MSWD=22.68 195.9 92.6 77.6 1349.3 4.1
T-IL-3b, D:8:140, Biotite, 0.82 mg,  J=0.0145763, D=1.00535, NM-140,  Lab#=52449-01
A 1.0 20.74 0.0588 7.167 5.83 8.7 89.8 2.1 438.2 3.2
B 1.4 44.57 0.0165 4.685 4.15 30.8 96.9 3.6 891.3 1.6
C 1.7 68.12 0.0073 2.983 7.49 70.0 98.7 6.3 1247.2 1.6
D 2.0 72.18 0.0042 2.036 12.18 120.8 99.2 10.6 1304.7 1.5
E 2.4 72.99 0.0017 0.6608 24.3 300.5 99.7 19.4 1320.4 1.4
F 2.8 73.94 0.0014 0.4018 25.0 356.8 99.8 28.3 1333.6 1.6
G 3.0 74.41 0.0015 0.4470 14.05 338.2 99.8 33.4 1339.5 1.1
H 3.3 74.35 0.0023 0.1730 13.36 225.5 99.9 38.2 1339.8 1.4
I 3.5 74.68 0.0030 0.4231 9.35 167.6 99.8 41.5 1343.0 1.2
J 4.0 74.88 0.0052 0.4189 12.47 98.8 99.8 46.0 1345.6 1.3
K 4.8 75.70 0.0091 0.4349 29.2 56.1 99.8 56.5 1355.9 1.7
L 5.3 75.91 0.0076 0.4294 13.96 66.8 99.8 61.5 1358.6 1.3
M 5.7 75.61 0.0095 0.4884 14.47 53.8 99.8 66.7 1354.6 1.2
N 6.2 75.15 0.0090 0.3920 18.29 56.9 99.8 73.3 1349.1 1.8
O 8.0 75.37 0.0183 0.2652 74.5 27.9 99.9 100.0 1352.4 2.4
Integrated age  1±s n=15 278.6 K2O=8.95 % 1320.5 1.2
Plateau  1±s steps K-O n=5 MSWD=5.12 150.4 43.0 54.0 1354.9 1.8
227
IDTemp/Power 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   
(°C/W) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   
T-IL-4b D:10:140, Biotite, 0.82 mg,  J=0.0147061, D=1.00535, NM-140,  Lab#=52450-01
A 1.0 19.32 0.1173 21.92 0.678 4.4 66.4 0.3 315.5 17.2
B 1.4 17.05 0.0617 15.51 0.311 8.3 73.1 0.5 306.9 12.7
C 1.7 14.68 0.0691 8.970 0.578 7.4 81.9 0.8 297.0 7.4
D 2.0 12.03 0.0346 4.825 0.986 14.8 88.1 1.3 264.1 4.2
E 2.0 60.34 0.0099 3.941 23.1 51.8 98.1 12.9 1143.0 3.5
F 3.0 73.33 0.0028 0.2716 60.4 179.4 99.9 43.3 1334.8 2.0
G 3.3 73.95 0.0022 0.0898 12.94 227.2 100.0 49.8 1343.4 1.3
H 3.5 73.91 0.0027 0.2762 9.38 190.6 99.9 54.5 1342.2 1.4
I 3.8 74.72 0.0035 0.2065 11.61 144.9 99.9 60.3 1352.8 1.6
J 4.2 74.94 0.0044 0.1801 27.2 115.6 99.9 74.0 1355.7 2.1
K 4.8 74.42 0.0080 0.1859 15.89 63.9 99.9 82.0 1349.0 1.5
L 5.2 73.77 0.0132 0.3213 4.27 38.5 99.9 84.1 1340.2 2.7
M 5.6 73.93 0.0220 -0.0134 4.42 23.1 100.0 86.4 1343.6 2.2
N 6.0 74.25 0.0182 0.0477 8.90 28.1 100.0 90.8 1347.4 1.7
O 8.0 74.32 0.0951 0.0277 18.22 5.4 100.0 100.0 1348.5 2.0
Integrated age  1±s n=15 198.9 K2O=7.32 % 1311.4 1.3
Plateau  1±s steps F-O n=10 MSWD=10.46 173.2 127.1 87.1 1346.0 2.0
T-IL-5b, D:11:140, Biotite, 0.72 mg,  J=0.0147428, D=1.00535, NM-140,  Lab#=52451-01
A 1.0 26.45 0.0223 11.51 3.69 22.9 87.1 1.7 533.8 4.8
B 1.4 56.53 0.0104 4.385 3.37 48.8 97.7 3.2 1087.5 3.8
C 1.8 74.62 0.0020 1.698 27.7 255.1 99.3 15.7 1348.2 1.6
D 2.2 75.45 0.0014 0.1160 30.4 367.6 100.0 29.5 1364.9 2.5
E 2.5 75.95 0.0018 0.1978 18.05 276.7 99.9 37.7 1370.9 2.1
F 2.8 76.08 0.0021 0.0169 12.71 247.3 100.0 43.5 1373.2 1.3
G 3.1 76.40 0.0017 0.0984 8.36 304.5 100.0 47.3 1377.0 2.0
H 3.3 76.41 0.0020 0.0585 6.09 256.2 100.0 50.0 1377.3 1.9
I 3.6 77.54 0.0029 0.1570 8.36 175.8 99.9 53.8 1391.1 1.7
J 3.9 77.15 0.0019 0.0790 10.77 262.5 100.0 58.7 1386.6 1.7
K 4.3 77.25 0.0021 0.0938 26.3 240.7 100.0 70.6 1387.7 1.7
L 4.7 77.07 0.0018 0.2527 13.21 288.9 99.9 76.6 1385.0 2.2
M 5.0 76.87 0.0021 0.2078 10.69 245.8 99.9 81.5 1382.6 1.6
N 5.4 76.78 0.0012 0.0501 8.71 432.3 100.0 85.4 1382.0 1.9
O 5.8 76.77 0.0026 0.1063 9.16 198.3 100.0 89.6 1381.7 1.7
P 8.0 76.24 0.0062 0.1624 23.0 82.8 99.9 100.0 1374.8 1.7
Integrated age  1±s n=16 220.6 K2O=7.98 % 1358.8 1.1
Plateau  1±s steps I-P n=8 MSWD=8.28 110.3 222.8 50.0 1383.8 2.0
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IDTemp/Power 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   
(°C/W) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   
T-IL-10b, E:1:140, Biotite, 0.97 mg,  J=0.0148656, D=1.00535, NM-140,  Lab#=52452-01
A 1.0 36.17 0.0337 5.757 1.293 15.1 95.3 0.4 755.1 8.4
B 1.4 62.79 0.0114 2.566 4.25 44.9 98.8 1.7 1193.1 3.5
C 1.7 71.05 0.0035 1.159 12.56 147.8 99.5 5.6 1311.6 1.6
D 2.0 72.67 0.0020 0.3598 23.6 259.0 99.9 12.9 1336.0 1.6
E 2.3 73.65 0.0015 0.1934 36.4 349.9 99.9 24.1 1349.4 2.1
F 2.7 73.97 0.0015 0.3011 34.3 345.9 99.9 34.6 1353.1 1.7
G 3.0 74.32 0.0011 0.3163 25.7 445.6 99.9 42.5 1357.6 2.2
H 3.3 73.84 0.0014 0.2766 20.11 376.1 99.9 48.7 1351.6 1.9
I 3.6 74.48 0.0020 0.3089 11.74 254.6 99.9 52.4 1359.6 1.2
J 4.0 74.36 0.0023 0.4644 10.18 218.6 99.8 55.5 1357.6 1.7
K 4.5 74.84 0.0021 0.1973 30.9 247.9 99.9 65.0 1364.8 1.3
L 5.0 74.45 0.0021 0.2311 15.86 239.8 99.9 69.9 1359.6 2.4
M 5.5 74.91 0.0008 0.2401 15.36 612.2 99.9 74.6 1365.4 2.5
N 6.0 74.80 0.0008 0.1986 21.1 651.3 99.9 81.2 1364.2 1.8
O 8.0 74.66 0.0014 0.0467 61.2 359.7 100.0 100.0 1363.0 2.1
Integrated age  1±s n=15 324.5 K2O=8.64 % 1351.1 1.1
Plateau  1±s steps G-O n=9 MSWD=5.87 212.1 381.2 65.4 1360.6 1.7
Notes
Isotopic ratios corrected for blank, radioactive decay, and mass discrimination, not corrected for interferring reactions.
Ages calculated ralative to FC-1 Fish Canyon Tuff sanidine interlaboratory standard at 28.27 Ma.
Errors quoted for individual analyses include analytical error only, without interferring reaction or J uncertainties.
Integrated age calculated by quadradically combining isotopic measurements of all steps.
Integrated age error calculated by quadradically combining errors of isotopic measurements of all steps.
Plateau age is inverse-variance-weighted mean of selected steps.
Plateau age error is inverse-variance-weighted mean error (Taylor, 1982) times squareroot MSWD where MSWD>1.
Plateau and integrated ages incorporate uncertainties in interferring reaction corrections and J factors.
Isotopic abundances after Steiger and Jager (1977).
Decay constant (5.476e-10 /yr) after Kwon et al., 2003.
# symbol preceding sample ID denotes analyses excluded from plateau age calculations.
229
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T-IL-2 K-feldspar, A:2:140, 2.58 mg,  J=0.0143413, D=1.00535±0.00031, NM-140,  Lab#=52421-01
AA 450 46.66 0.0065 38.39 4.82 78.9 75.7 0.3 748.0 3.1 10
A 450 15.53 0.0061 5.101 2.535 83.0 90.3 0.5 334.1 2.6 10
B 450 15.33 0.0043 4.517 3.160 119.1 91.3 0.7 333.5 1.8 20
C 450 15.34 0.0057 3.446 3.079 89.8 93.4 0.9 340.8 1.6 29
D 500 15.26 0.0043 0.9591 4.84 119.9 98.1 1.3 355.0 1.4 10
E 500 15.81 0.0033 1.281 5.49 152.6 97.6 1.6 364.7 1.1 20
F 500 16.52 0.0044 1.359 4.91 116.9 97.6 2.0 379.3 1.2 28
G 550 17.05 0.0033 0.5764 6.75 152.6 99.0 2.4 395.50 0.99 10
H 550 17.89 -0.0006 0.6396 7.67       - 98.9 3.0 412.6 1.1 19
I 550 18.65 -0.0002 0.7877 7.33       - 98.8 3.5 427.5 1.0 29
J 600 19.67 0.0006 0.4856 8.27 870.4 99.3 4.0 450.45 0.92 10
K 600 21.01 -0.0001 0.4906 9.71       - 99.3 4.7 477.63 0.80 20
L 600 22.89 0.0003 0.8427 6.99 1566.0 98.9 5.2 513.0 1.3 29
M 650 25.10 0.0004 0.3199 6.87 1205.9 99.6 5.6 559.2 1.1 10
N 650 27.81 -0.0009 0.4578 7.03       - 99.5 6.1 609.9 1.1 20
O 650 30.64 -0.0004 1.022 6.56       - 99.0 6.6 659.2 1.4 29
P 700 33.31 -0.0017 0.3145 6.52       - 99.7 7.0 711.1 1.3 10
Q 700 34.95 -0.0009 0.4185 7.99       - 99.6 7.6 739.3 1.2 20
R 700 36.37 -0.0010 0.4758 8.61       - 99.6 8.1 763.7 1.3 29
S 750 37.25 0.0006 0.3234 11.08 810.6 99.7 8.9 779.67 0.99 10
T 750 37.94 -0.0003 0.2462 14.19       - 99.8 9.9 791.8 1.1 20
U 750 37.93 0.0003 0.4191 14.02 1895.3 99.7 10.8 790.69 1.00 29
V 800 38.19 0.0010 0.2387 14.10 525.6 99.8 11.8 796.03 0.86 10
W 800 38.34 0.0003 0.2062 18.66 1466.5 99.8 13.1 798.75 0.82 20
X 850 38.65 0.0004 0.2427 22.37 1366.4 99.8 14.6 803.78 0.69 11
Y 850 39.36 0.0009 0.3185 26.29 579.7 99.8 16.4 815.29 0.89 21
Z 900 39.46 0.0010 0.3130 26.08 487.8 99.8 18.2 817.1 1.0 10
ZA 900 40.08 0.0006 0.3270 29.70 854.6 99.8 20.2 827.33 0.72 21
ZB 950 39.34 0.0012 0.5061 31.14 422.9 99.6 22.3 814.1 1.4 11
ZC 950 40.14 0.0011 0.4523 37.17 456.8 99.7 24.9 827.7 1.2 21
ZD 1000 38.88 0.0018 0.6060 47.0 283.3 99.5 28.1 805.92 0.90 11
ZE 1000 39.86 0.0014 0.5495 65.3 369.3 99.6 32.6 822.6 1.3 21
ZF 1050 39.05 0.0023 0.6071 90.1 224.9 99.5 38.7 808.8 1.2 10
ZG 1050 40.83 0.0020 0.4614 103.7 253.1 99.7 45.8 839.2 1.3 20
ZH 1100 40.84 0.0028 0.4274 79.7 185.2 99.7 51.2 839.4 1.2 9
ZI 1100 42.55 0.0023 0.3553 69.6 218.7 99.8 56.0 867.8 1.1 20
ZJ 1100 43.27 0.0014 0.4628 94.5 376.3 99.7 62.5 879.0 1.1 58
ZK 1100 43.93 0.0009 0.6625 81.7 573.3 99.6 68.1 888.8 1.4 114
ZL 1100 44.47 0.0006 1.016 92.5 791.5 99.3 74.4 895.8 1.5 234
ZM 1100 45.05 0.0005 1.481 54.8 1132.5 99.0 78.1 902.8 1.1 234
ZN 1200 41.95 -0.0001 0.7418 18.97       - 99.5 79.4 856.2 1.0 5
ZO 1300 45.82 0.0005 0.4343 275.3 984.2 99.7 98.2 920.0 2.0 6
ZP 1400 49.74 0.0010 1.053 12.64 487.9 99.4 99.1 978.2 1.5 6
ZQ 1685 50.06 0.0036 3.161 13.23 142.6 98.1 100.0 973.6 2.7 6
Integrated age ± 1s n=44 1462.9 K2O=15.19 % 838.92 0.86
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ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T-IL-4f K-feldspar,  A:5:140, 186 mg,  J=0.0141888, D=1.00535±0.00031, NM-140,  Lab#=52423-01
A 450 38.80 0.0223 19.24 2.646 22.9 85.3 0.3 703.1 3.8 10
BB 450 18.34 0.0258 6.939 1.352 19.8 88.8 0.4 379.3 5.4 20
B 450 18.11 0.0079 2.547 0.836 64.6 95.8 0.5 401.6 6.3 19
C 450 18.56 0.0155 6.817 0.883 32.9 89.1 0.6 384.7 5.5 29
CC 500 19.99 0.0392 3.150 1.668 13.0 95.4 0.8 436.8 4.6 10
D 500 18.08 0.0646 2.195 1.022 7.9 96.4 0.9 403.4 4.3 8
E 500 19.17 0.0552 1.882 1.650 9.2 97.1 1.1 427.6 2.6 20
F 500 19.92 0.0368 2.774 1.699 13.9 95.9 1.2 437.6 2.5 28
G 550 22.48 0.0304 2.286 3.271 16.8 97.0 1.6 491.9 1.5 10
H 550 21.50 0.0186 1.040 3.562 27.5 98.6 2.0 479.8 1.5 20
I 550 22.30 0.0152 1.373 3.249 33.6 98.2 2.3 493.7 1.4 29
J 600 24.95 0.0196 1.496 4.89 26.1 98.2 2.8 544.6 1.3 10
K 600 26.00 0.0171 0.4868 4.61 29.8 99.5 3.3 570.3 1.1 20
L 600 28.60 0.0197 1.210 3.784 25.9 98.8 3.7 615.1 1.6 29
M 650 32.80 0.0162 0.9334 4.52 31.5 99.2 4.2 692.6 1.7 10
N 650 37.24 0.0122 0.5913 4.43 41.8 99.5 4.7 771.3 1.6 20
O 650 42.54 0.0098 1.056 3.825 51.8 99.3 5.1 857.0 1.7 29
P 700 47.28 0.0136 0.1669 4.44 37.5 99.9 5.5 936.4 1.7 10
Q 700 51.55 0.0092 0.8282 5.29 55.7 99.5 6.1 998.6 1.7 20
R 700 54.16 0.0098 1.003 5.06 52.0 99.5 6.6 1036.4 1.4 29
S 750 55.50 0.0106 0.8254 5.22 48.3 99.6 7.2 1056.9 1.9 10
T 750 55.83 0.0069 0.2465 6.49 73.6 99.9 7.9 1064.0 1.9 20
U 750 55.44 0.0094 0.7714 6.52 54.3 99.6 8.6 1056.2 1.8 29
V 800 54.05 0.0095 0.4991 8.24 53.5 99.7 9.5 1037.0 1.3 10
W 800 54.13 0.0080 0.5480 9.78 63.9 99.7 10.5 1038.0 1.4 20
X 850 53.15 0.0109 0.3582 12.26 46.7 99.8 11.8 1024.4 1.5 10
Y 850 53.81 0.0073 0.3286 14.22 69.5 99.8 13.3 1034.28 0.95 21
Z 900 52.24 0.0101 0.6923 17.71 50.6 99.6 15.2 1009.44 0.86 10
ZA 900 52.81 0.0068 0.3903 17.20 75.1 99.8 17.0 1019.2 1.1 21
ZB 950 50.60 0.0090 0.8352 15.45 56.7 99.5 18.6 984.2 1.2 11
ZC 950 51.47 0.0075 0.5248 16.83 67.9 99.7 20.4 998.63 0.91 21
ZD 1000 48.04 0.0098 1.064 31.82 52.3 99.3 23.8 944.0 1.1 11
ZE 1000 49.17 0.0084 0.5790 33.59 60.7 99.7 27.4 963.65 0.90 21
ZF 1050 46.74 0.0094 0.8190 60.1 54.3 99.5 33.7 924.95 0.90 10
ZG 1050 48.34 0.0092 0.5689 72.6 55.5 99.7 41.4 950.9 1.1 20
ZH 1100 49.04 0.0167 0.5847 56.7 30.5 99.7 47.4 961.5 1.0 9
ZI 1100 51.00 0.0153 0.4456 58.4 33.3 99.7 53.6 991.9 1.1 19
ZJ 1100 52.83 0.0082 0.5098 101.4 62.3 99.7 64.4 1018.9 1.6 70
ZK 1100 53.79 0.0032 0.5691 133.0 160.0 99.7 78.5 1032.9 1.8 123
ZL 1100 56.85 0.0015 0.9720 98.6 347.9 99.5 88.9 1075.7 1.4 249
ZM 1200 57.87 0.0009 0.3445 44.5 582.0 99.8 93.7 1092.9 1.3 5
ZN 1300 61.96 0.0010 0.3653 28.04 496.1 99.8 96.6 1150.2 1.0 6
ZO 1400 61.04 0.0011 0.7583 8.93 458.5 99.6 97.6 1135.8 1.5 6
ZP 1685 61.86 0.0040 2.071 22.84 127.8 99.0 100.0 1141.9 1.7 6
Integrated age ± 1s n=44 943.2 K2O=0.14 % 998.73 0.93
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ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T-IL-3f K-feldspar,  A:4:140, 2.91 mg,  J=0.0142517, D=1.00535±0.00031, NM-140,  Lab#=52422-01
A 450 92.65 0.0139 34.31 2.603 36.7 89.1 0.2 1419.5 5.9 10
B 450 16.77 0.0031 5.043 1.320 167.0 91.1 0.2 359.4 5.7 20
C 450 17.28 -0.0027 5.780 1.128       - 90.1 0.3 365.6 5.9 29
D 500 20.67 0.0049 3.042 2.251 104.2 95.6 0.5 452.8 3.8 10
E 500 18.41 0.0018 1.425 2.337 279.9 97.7 0.6 416.3 2.8 20
F 500 19.47 0.0017 1.600 2.177 300.2 97.6 0.7 437.1 2.8 28
G 550 26.19 0.0029 2.127 5.01 175.3 97.6 1.0 567.0 1.6 10
H 550 21.37 -0.0004 0.8125 4.78       - 98.9 1.3 480.2 1.4 20
I 550 22.00 0.0011 0.7771 4.57 465.8 99.0 1.6 493.1 1.5 29
J 600 24.71 0.0027 1.035 8.61 186.9 98.8 2.1 544.7 1.0 10
K 600 23.98 0.0019 0.3669 8.37 265.1 99.5 2.7 534.3 1.2 20
L 600 25.21 -0.0004 0.0921 7.41       - 99.9 3.1 559.7 1.1 29
M 650 27.35 0.0023 0.5231 10.00 226.1 99.4 3.7 597.74 1.00 10
N 650 29.31 0.0015 0.1251 10.35 330.6 99.9 4.4 636.4 1.1 20
O 650 32.10 0.0004 0.2509 9.06 1216.5 99.8 4.9 686.3 1.3 29
P 700 34.51 0.0009 -0.0092 11.29 553.5 100.0 5.6 730.1 1.0 10
Q 700 37.20 0.0009 0.1066 12.47 550.3 99.9 6.4 776.0 1.1 20
R 700 39.20 0.0010 0.1716 11.65 530.0 99.9 7.1 809.3 1.2 28
S 750 40.67 0.0012 0.1016 12.52 437.1 99.9 7.9 834.1 1.1 10
T 750 41.69 0.0015 0.1209 15.06 349.6 99.9 8.8 850.6 1.0 20
U 750 42.12 0.0013 0.3560 14.24 384.7 99.8 9.7 856.6 1.0 29
V 800 42.16 0.0020 0.2609 14.16 261.2 99.8 10.6 857.6 1.1 10
W 800 43.18 0.0017 0.1995 16.42 293.9 99.9 11.6 874.5 1.3 20
X 850 42.37 0.0035 0.2307 21.70 147.8 99.8 12.9 861.29 0.81 11
Y 850 43.37 0.0020 0.1153 23.84 252.9 99.9 14.4 877.9 1.0 21
Z 900 42.61 0.0046 0.2682 29.28 111.4 99.8 16.2 865.0 1.3 10
ZA 900 43.61 0.0035 0.2059 30.10 146.8 99.9 18.1 881.4 1.1 20
ZB 950 41.62 0.0039 0.2321 37.67 132.2 99.8 20.4 849.1 1.4 11
ZC 950 42.04 0.0024 0.2601 41.4 212.9 99.8 23.0 855.8 1.2 21
ZD 1000 39.60 0.0027 0.2967 58.9 191.3 99.8 26.6 815.3 1.0 11
ZE 1000 39.69 0.0023 0.2308 68.5 218.8 99.8 30.8 817.3 1.5 21
ZF 1050 38.60 0.0030 0.2521 114.8 168.5 99.8 37.9 798.92 0.87 10
ZG 1050 39.71 0.0029 0.2078 145.8 177.4 99.8 46.9 817.65 0.90 20
ZH 1100 40.08 0.0029 0.2103 81.5 175.1 99.8 51.9 823.8 1.3 9
ZI 1100 41.02 0.0034 0.1955 79.9 150.0 99.9 56.9 839.4 1.4 19
ZJ 1100 42.78 0.0034 0.3361 88.1 151.8 99.8 62.3 867.4 1.3 65
ZK 1100 43.30 0.0038 0.4701 82.0 133.7 99.7 67.4 875.1 1.4 120
ZL 1100 43.80 0.0035 0.7163 89.0 146.3 99.5 72.9 882.1 1.2 243
ZM 1200 40.38 0.0036 0.3064 61.9 142.1 99.8 76.7 828.29 0.91 5
ZN 1300 44.45 0.0013 0.1593 351.6 383.5 99.9 98.4 895.0 2.7 6
ZO 1400 45.19 0.0049 0.8701 12.93 104.1 99.4 99.2 903.5 1.3 6
ZP 1685 45.76 0.0126 2.855 13.36 40.6 98.2 100.0 903.3 2.5 6
Integrated age ± 1s n=42 1620.0 K2O=15.00 % 841.52 0.97
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ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T-IL-5f K-feldspar, A:7:140, 1.63 mg,  J=0.0141066, D=1.00535±0.00031, NM-140,  Lab#=52424-01
A 450 189.1 0.0268 65.91 1.945 19.0 89.7 0.2 2231.1 9.0 10
B 450 32.52 0.0090 11.45 0.896 56.6 89.6 0.3 628.5 9.2 20
C 450 30.95 -0.0097 6.508 0.724       - 93.8 0.4 626.3 9.1 29
D 500 37.14 0.0105 7.104 1.334 48.4 94.3 0.5 733.1 6.0 10
E 500 32.84 0.0028 2.423 1.407 185.2 97.8 0.7 682.1 4.5 20
F 500 35.94 0.0041 3.296 1.346 125.7 97.3 0.8 731.8 4.7 28
G 550 43.40 0.0243 6.154 2.917 21.0 95.8 1.2 842.6 2.3 10
H 550 39.77 0.0135 1.816 3.171 37.7 98.7 1.5 804.1 2.2 20
I 550 41.76 0.0071 0.8049 3.073 71.4 99.4 1.9 841.7 2.5 29
J 600 45.26 0.0169 2.169 5.16 30.3 98.6 2.4 891.2 1.7 10
K 600 45.14 0.0075 0.4184 6.00 68.3 99.7 3.1 897.6 1.4 20
L 600 46.95 0.0045 0.1334 5.77 112.2 99.9 3.7 927.2 1.8 29
M 650 49.73 0.0101 0.9992 8.44 50.3 99.4 4.7 965.8 1.5 10
N 650 50.42 0.0063 0.2293 9.04 80.5 99.9 5.7 979.7 1.5 20
O 650 51.71 0.0043 0.4499 8.68 119.2 99.7 6.6 998.1 1.4 29
P 700 53.02 0.0079 0.9396 10.58 64.6 99.5 7.8 1015.3 1.5 10
Q 700 53.54 0.0057 0.1412 10.69 89.9 99.9 9.0 1026.5 1.4 20
R 700 54.18 0.0043 0.4005 8.70 118.0 99.8 9.9 1034.7 1.6 28
S 750 54.85 0.0075 0.6471 8.26 68.1 99.7 10.9 1043.5 1.8 10
T 750 55.27 0.0070 0.3145 8.51 72.8 99.8 11.8 1051.0 1.7 20
U 750 55.53 0.0033 -0.0068 7.03 156.1 100.0 12.6 1056.2 1.7 29
V 800 55.26 0.0106 0.8484 7.38 48.1 99.5 13.4 1048.6 1.6 10
W 800 55.42 0.0073 0.2328 7.68 69.7 99.9 14.2 1053.5 1.7 20
X 850 55.07 0.0126 0.5529 10.24 40.4 99.7 15.4 1047.2 1.4 11
Y 850 55.60 0.0072 0.2388 9.97 70.5 99.9 16.5 1056.1 1.8 21
Z 900 54.91 0.0100 0.7027 12.44 51.0 99.6 17.8 1044.1 1.7 10
ZA 900 55.64 0.0063 0.2472 12.05 81.0 99.9 19.2 1056.7 2.0 20
ZB 950 53.83 0.0091 0.5929 16.23 56.0 99.7 21.0 1028.8 1.1 11
ZC 950 54.04 0.0063 0.5667 17.05 80.7 99.7 22.9 1031.9 1.2 21
ZD 1000 52.75 0.0070 0.8316 23.47 73.4 99.5 25.5 1011.9 1.4 11
ZE 1000 53.13 0.0068 0.5866 30.52 74.7 99.7 28.8 1018.6 1.3 21
ZF 1050 52.27 0.0089 0.7390 49.0 57.0 99.6 34.3 1005.1 1.5 10
ZG 1050 53.76 0.0095 0.5491 53.3 53.6 99.7 40.1 1028.0 1.6 20
ZH 1100 54.24 0.0138 0.4898 55.3 37.0 99.7 46.3 1035.3 1.5 9
ZI 1100 55.82 0.0126 0.4277 46.4 40.6 99.8 51.4 1058.5 1.4 20
ZJ 1100 57.86 0.0095 0.3859 59.7 53.5 99.8 58.0 1087.8 1.6 54
ZK 1100 58.69 0.0055 0.6074 64.8 93.1 99.7 65.2 1098.7 1.2 119
ZL 1100 59.15 0.0032 1.048 70.2 160.2 99.5 72.9 1103.4 2.0 239
ZM 1200 58.40 0.0012 0.3778 73.3 417.1 99.8 81.0 1095.5 1.1 5
ZN 1300 61.80 0.0013 0.3117 63.2 396.4 99.9 88.0 1143.2 1.5 6
ZO 1400 61.38 0.0011 0.3968 28.51 453.8 99.8 91.2 1137.1 1.2 6
ZP 1685 60.87 0.0020 0.6208 79.9 260.4 99.7 100.0 1129.1 1.7 6
Integrated age ± 1s n=42 904.3 K2O=15.11 % 1067.75 0.96
233
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T-IL-6f K-feldspar, A:8:140, 2.03 mg,  J=0.0141093, D=1.00535±0.00031, NM-140,  Lab#=52425-01
A 450 654.5 0.0379 35.71 3.343 13.5 98.4 0.3 4220.4 8.1 10
B 450 39.35 0.0105 3.417 1.639 48.8 97.4 0.4 789.3 5.7 20
C 450 32.47 0.0121 4.471 1.462 42.3 95.9 0.6 664.8 4.7 29
D 500 33.11 0.0195 1.032 2.827 26.2 99.1 0.8 694.3 3.1 10
E 500 27.95 0.0166 0.5148 2.934 30.8 99.5 1.1 603.9 2.4 20
F 500 26.80 0.0169 0.8753 2.634 30.1 99.0 1.3 580.6 2.5 28
G 550 34.97 0.0169 0.7297 4.44 30.1 99.4 1.7 728.3 1.9 10
H 550 29.25 0.0152 0.6731 4.10 33.6 99.3 2.0 627.0 1.9 20
I 550 30.51 0.0117 1.064 3.316 43.6 99.0 2.3 647.7 2.0 29
J 600 39.53 0.0217 0.2082 4.89 23.5 99.8 2.8 808.2 1.9 10
K 600 36.56 0.0214 0.1458 3.755 23.9 99.9 3.1 758.6 2.1 20
L 600 41.05 0.0182 0.5733 2.797 28.1 99.6 3.3 831.2 2.7 29
M 650 49.01 0.0279 0.9542 3.746 18.3 99.4 3.7 955.2 2.2 10
N 650 49.55 0.0311 0.5651 3.251 16.4 99.7 3.9 965.2 2.5 20
O 650 52.85 0.0305 0.5427 2.822 16.7 99.7 4.2 1014.8 2.6 29
P 700 55.86 0.0321 0.2330 4.42 15.9 99.9 4.6 1060.1 1.9 10
Q 700 55.25 0.0255 0.7155 4.56 20.0 99.6 5.0 1049.2 2.0 20
R 700 55.64 0.0104 0.6823 4.43 48.9 99.6 5.4 1054.9 1.9 28
S 750 56.69 0.0149 0.0460 5.83 34.3 100.0 5.9 1072.7 2.3 10
T 750 55.29 0.0147 0.3152 6.86 34.7 99.8 6.5 1051.5 1.6 20
U 750 54.67 0.0135 0.4978 6.66 37.8 99.7 7.0 1041.7 1.7 29
V 800 54.50 0.0094 -0.1135 7.49 54.1 100.1 7.7 1041.8 2.1 10
W 800 54.38 0.0076 0.4100 8.74 67.5 99.8 8.5 1037.8 1.5 20
X 850 53.88 0.0062 -0.0450 11.03 81.8 100.0 9.4 1032.4 1.3 11
Y 850 53.86 0.0037 0.2885 11.67 139.0 99.8 10.4 1030.8 1.7 21
Z 900 53.59 0.0062 0.2404 13.03 82.6 99.9 11.6 1027.0 1.6 10
ZA 900 53.71 0.0030 0.2953 13.77 168.5 99.8 12.8 1028.5 1.5 20
ZB 950 52.52 0.0068 0.2367 16.12 75.4 99.9 14.2 1011.3 1.3 11
ZC 950 52.48 0.0037 0.3989 17.24 136.2 99.8 15.7 1009.94 0.97 21
ZD 1000 51.19 0.0095 0.3744 26.70 53.8 99.8 18.0 990.8 1.4 11
ZE 1000 50.93 0.0029 0.3788 28.56 178.4 99.8 20.5 986.9 1.2 21
ZF 1050 49.73 0.0064 0.4087 51.5 79.5 99.8 25.0 968.7 1.2 10
ZG 1050 49.76 0.0042 0.3869 66.0 120.8 99.8 30.8 969.2 1.5 20
ZH 1100 49.16 0.0054 0.3868 72.0 94.2 99.8 37.1 960.1 1.5 9
ZI 1100 50.84 0.0042 0.2873 55.5 121.2 99.8 41.9 985.9 1.1 19
ZJ 1100 52.17 0.0033 0.4336 81.2 153.2 99.8 49.0 1005.2 1.3 66
ZK 1100 52.91 0.0019 0.5088 65.4 267.6 99.7 54.7 1015.7 1.1 120
ZL 1100 53.77 0.0015 0.8829 73.0 335.5 99.5 61.1 1026.8 1.0 241
ZM 1200 50.71 0.0015 0.3052 48.7 345.0 99.8 65.3 983.9 1.4 5
ZN 1300 55.91 0.0012 0.2291 233.1 426.4 99.9 85.7 1060.8 2.4 6
ZO 1400 55.83 0.0015 0.2648 60.3 339.7 99.9 91.0 1059.5 1.3 6
ZP 1685 56.22 0.0013 0.4760 103.5 378.7 99.7 100.0 1064.1 2.3 6
Integrated age ± 1s n=42 1145.3 K2O=15.36 % 1037.8 1.0
234
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T-IL-9f K-feldspar,  B:1:140, 1.74 mg,  J=0.0144769, D=1.00535±0.00031, NM-140,  Lab#=52428-01
A 450 518.2 0.0553 41.11 1.341 9.2 97.7 0.1 3870 41 10
B 450 55.72 0.0506 14.79 0.520 10.1 92.2 0.2 1015 25 20
C 450 44.76 0.0072 15.79 0.385 71.0 89.6 0.2 835 22 29
D 500 48.11 0.0300 6.861 0.803 17.0 95.8 0.3 933 15 10
E 500 39.48 0.0256 4.169 0.777 20.0 96.9 0.4 804 10 20
F 500 39.68 0.0119 4.313 0.892 43.0 96.8 0.5 807.0 8.0 28
G 550 42.73 0.0193 2.180 1.594 26.4 98.5 0.6 868.6 6.5 10
H 550 40.55 0.0176 2.357 1.961 29.0 98.3 0.8 831.4 4.3 20
I 550 40.38 0.0104 2.062 1.964 49.1 98.5 1.0 830.1 3.7 29
J 600 44.83 0.0128 1.308 3.598 39.7 99.1 1.4 906.9 2.6 10
K 600 40.52 0.0077 0.7626 4.38 66.6 99.4 1.8 838.9 2.0 20
L 600 41.03 0.0049 0.7782 4.36 104.1 99.4 2.2 847.2 1.8 29
M 650 43.87 0.0070 0.6366 6.66 72.5 99.6 2.9 894.6 1.8 10
N 650 42.62 0.0040 0.4533 7.71 128.2 99.7 3.7 875.1 1.6 20
O 650 44.11 0.0036 0.7224 7.42 142.9 99.5 4.4 898.1 1.5 29
P 700 44.63 0.0037 0.3992 9.56 139.6 99.7 5.4 907.9 1.4 10
Q 700 45.55 0.0032 0.1857 10.95 160.9 99.9 6.4 923.6 1.4 20
R 700 46.40 0.0011 0.3570 9.40 457.0 99.8 7.4 936.4 1.7 28
S 750 47.64 0.0031 0.3351 10.08 162.8 99.8 8.4 956.0 1.3 10
T 750 48.84 0.0026 0.4496 10.37 194.5 99.7 9.4 974.1 1.5 20
U 750 49.72 0.0027 0.3636 8.86 190.8 99.8 10.3 988.2 1.4 29
V 800 51.04 0.0021 0.3706 7.80 245.7 99.8 11.1 1008.3 1.6 10
W 800 51.86 0.0019 0.1424 8.71 265.7 99.9 11.9 1021.8 1.6 20
X 850 54.14 0.0029 0.1272 9.53 177.1 99.9 12.9 1056.0 1.7 11
Y 850 54.76 0.0022 0.4179 9.21 230.7 99.8 13.8 1063.9 1.3 21
Z 900 57.20 0.0024 0.3916 9.61 208.9 99.8 14.7 1099.7 1.6 10
ZA 900 57.99 0.0020 1.247 10.25 252.4 99.4 15.8 1107.5 1.6 20
ZB 950 58.79 0.0040 0.4439 13.22 128.3 99.8 17.1 1122.3 1.6 11
ZC 950 59.22 0.0019 0.4169 14.66 264.8 99.8 18.5 1128.6 1.5 21
ZD 1000 59.67 0.0045 0.4101 21.56 112.2 99.8 20.7 1135.1 1.1 11
ZE 1000 59.26 0.0023 0.3152 24.06 218.0 99.8 23.1 1129.6 1.3 21
ZF 1050 58.33 0.0038 0.3742 31.93 135.2 99.8 26.2 1116.1 2.0 10
ZG 1050 58.85 0.0029 0.3373 32.96 174.6 99.8 29.5 1123.6 1.5 20
ZH 1100 57.15 0.0034 0.3063 35.04 149.4 99.8 33.0 1099.3 1.6 9
ZI 1100 58.96 0.0026 0.3515 30.69 199.5 99.8 36.0 1125.2 1.5 19
ZJ 1100 59.16 0.0022 0.3102 48.7 237.0 99.8 40.9 1128.2 1.8 54
ZK 1100 58.57 0.0020 0.4260 67.3 261.5 99.8 47.6 1119.3 1.7 119
ZL 1100 58.59 0.0015 1.106 51.9 341.0 99.4 52.7 1116.6 1.3 243
ZM 1200 56.90 0.0015 0.2589 29.91 349.3 99.9 55.7 1095.9 2.4 5
ZN 1300 58.37 0.0012 0.1108 307.4 416.3 99.9 86.2 1117.7 3.1 6
ZO 1400 60.98 0.0015 0.2045 66.9 350.4 99.9 92.9 1154.4 1.5 6
ZP 1685 60.74 0.0012 0.4503 71.5 415.7 99.8 100.0 1149.9 1.6 6
Integrated age ± 1s n=42 1006.5 K2O=15.35 % 1109.2 1.3
235
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T-IL-12f K-feldspar, B:5:140, 1.89 mg,  J=0.0142584, D=1.00535±0.00031, NM-140,  Lab#=52431-01
A 450 217.6 0.0170 30.52 1.933 30.0 95.9 0.2 2520 15 10
B 450 29.40 0.0066 8.873 1.070 77.4 91.1 0.3 590.2 8.4 20
C 450 28.04 0.0005 8.098 0.975 1003.7 91.5 0.4 568.8 6.5 29
D 500 25.64 0.0006 1.129 1.893 811.0 98.7 0.6 562.3 4.6 10
E 500 22.99 -0.0026 2.400 2.179       - 96.9 0.8 503.5 3.1 20
F 500 24.00 0.0015 2.293 2.059 333.1 97.2 0.9 523.9 2.7 28
G 550 23.90 0.0024 0.7877 3.694 210.4 99.0 1.3 530.6 2.0 10
H 550 23.94 0.0015 0.7273 4.45 341.4 99.1 1.7 531.7 1.5 20
I 550 24.87 0.0020 0.6656 4.29 249.8 99.2 2.1 550.0 1.5 29
J 600 26.25 0.0035 0.4078 7.01 147.7 99.5 2.8 577.9 1.2 10
K 600 27.25 0.0030 0.5055 8.04 170.7 99.5 3.5 596.26 0.98 20
L 600 28.82 0.0018 0.2883 7.41 285.0 99.7 4.2 626.7 1.1 29
M 650 30.72 0.0028 0.1678 10.18 185.2 99.8 5.2 662.06 0.93 10
N 650 32.50 0.0023 0.2782 11.87 226.4 99.7 6.3 693.5 1.1 20
O 650 34.37 0.0018 0.3638 11.08 282.3 99.7 7.3 725.99 0.91 29
P 700 36.88 0.0027 0.2090 13.51 186.4 99.8 8.6 770.3 1.1 10
Q 700 37.77 0.0019 0.2177 16.11 267.4 99.8 10.1 785.28 0.84 20
R 700 39.48 0.0017 0.2837 14.62 308.7 99.8 11.5 813.81 1.00 28
S 750 41.71 0.0039 0.2012 15.26 129.9 99.9 12.9 850.98 0.94 10
T 750 43.03 0.0019 0.0945 17.52 273.4 99.9 14.5 872.9 1.1 20
U 750 44.54 0.0020 0.1258 15.47 254.6 99.9 16.0 897.0 1.2 29
V 800 47.38 0.0027 0.1573 14.48 187.8 99.9 17.3 941.5 1.3 10
W 800 48.66 0.0014 0.1020 16.81 368.3 99.9 18.9 961.6 1.5 20
X 850 50.93 0.0026 0.1617 18.56 198.6 99.9 20.7 995.9 1.4 11
Y 850 53.15 0.0022 0.2571 19.83 233.0 99.9 22.5 1028.6 1.4 21
Z 900 55.40 0.0028 0.3230 20.48 184.8 99.8 24.4 1061.4 1.7 10
ZA 900 56.63 0.0018 0.1055 22.89 277.3 99.9 26.6 1080.1 2.0 20
ZB 950 58.03 0.0025 0.3106 24.12 200.4 99.8 28.8 1099.4 1.1 11
ZC 950 58.54 0.0019 0.2970 27.16 268.7 99.9 31.4 1106.7 1.2 21
ZD 1000 59.36 0.0025 0.3037 28.45 207.8 99.8 34.0 1118.2 1.8 11
ZE 1000 59.16 0.0023 0.3532 32.66 220.8 99.8 37.1 1115.3 1.3 21
ZF 1050 59.22 0.0029 0.4866 33.00 176.3 99.8 40.2 1115.6 1.6 10
ZG 1050 59.88 0.0028 0.4054 38.60 180.3 99.8 43.8 1125.2 1.7 20
ZH 1100 58.78 0.0034 0.6706 43.2 150.3 99.7 47.9 1108.5 1.5 9
ZI 1100 59.87 0.0038 0.4036 45.1 135.3 99.8 52.1 1125.1 1.6 19
ZJ 1100 60.76 0.0031 0.3609 63.3 163.8 99.8 58.0 1137.8 1.1 66
ZK 1100 61.28 0.0019 0.6728 43.5 272.3 99.7 62.1 1143.6 2.1 121
ZL 1100 62.07 0.0017 1.049 48.9 307.4 99.5 66.7 1153.1 1.1 242
ZM 1200 59.67 0.0022 0.5758 20.57 230.7 99.7 68.6 1121.6 1.2 5
ZN 1300 61.32 0.0009 0.5316 173.1 552.9 99.7 84.8 1144.7 2.1 6
ZO 1400 64.39 0.0017 0.4214 56.8 303.7 99.8 90.1 1187.4 1.8 6
ZP 1685 64.86 0.0017 0.5096 105.2 297.2 99.8 100.0 1193.5 2.1 6
Integrated age ± 1s n=42 1067.3 K2O=15.21 % 1076.6 1.0
236
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T-UN-2f K-feldspar, B:10:140, 2.57 mg,  J=0.0144558, D=1.00535±0.00031, NM-140,  Lab#=52434-01
A 450 845.5 0.0299 137.6 1.279 17.1 95.2 0.1 4632 31 10
B 450 62.53 0.0058 12.34 0.476 87.6 94.2 0.1 1124 21 20
C 450 51.46 0.0127 9.365 0.389 40.1 94.6 0.2 973 19 29
D 500 43.18 0.0079 0.9981 0.816 64.6 99.3 0.2 880.6 9.9 10
E 500 33.05 0.0104 2.029 0.948 49.0 98.2 0.3 702.1 6.9 20
F 500 30.98 0.0016 1.231 0.910 314.5 98.8 0.4 668.7 6.9 28
G 549 40.54 0.0128 3.860 2.029 39.9 97.2 0.5 822.9 3.8 10
H 550 31.28 0.0069 0.7775 2.356 73.7 99.3 0.7 676.8 2.8 20
I 550 31.04 0.0063 0.5077 2.384 80.7 99.5 0.9 673.7 2.8 29
J 600 37.79 0.0096 0.8886 4.54 53.1 99.3 1.2 791.1 1.8 10
K 600 31.60 0.0045 0.3009 5.50 114.1 99.7 1.6 685.1 1.4 20
L 600 32.50 0.0018 0.2259 5.46 290.5 99.8 2.0 701.7 1.5 29
M 650 44.59 0.0090 2.212 10.08 56.7 98.5 2.8 897.7 1.2 10
N 650 33.42 0.0037 0.4554 9.76 137.9 99.6 3.5 717.0 1.1 20
O 650 34.08 0.0020 0.1731 9.37 250.5 99.9 4.2 730.2 1.4 29
P 700 38.53 0.0053 1.414 12.39 97.0 98.9 5.1 801.1 1.2 10
Q 700 34.89 0.0023 0.1780 12.93 220.8 99.8 6.0 744.4 1.1 20
R 700 35.04 0.0019 0.3376 11.96 272.4 99.7 6.9 746.3 1.0 29
S 750 36.81 0.0035 0.5209 13.60 145.8 99.6 7.9 776.2 1.4 10
T 750 35.01 0.0028 0.2066 14.42 181.0 99.8 9.0 746.48 0.95 20
U 750 34.96 0.0025 0.3458 13.37 200.3 99.7 10.0 744.9 1.3 29
V 800 36.62 0.0043 0.4320 14.29 117.9 99.7 11.1 773.3 1.1 10
W 800 35.33 0.0027 0.1204 15.63 191.1 99.9 12.2 752.4 1.0 20
X 850 36.06 0.0041 0.4368 17.54 123.6 99.6 13.5 763.5 1.4 10
Y 850 35.15 0.0034 0.2401 17.64 148.8 99.8 14.8 748.6 1.4 21
Z 900 36.35 0.0072 0.5404 19.82 71.3 99.6 16.3 768.1 1.1 10
ZA 900 35.60 0.0049 0.2384 19.96 103.3 99.8 17.8 756.49 0.71 20
ZB 950 36.83 0.0085 0.6905 23.86 59.9 99.4 19.5 775.60 0.87 11
ZC 950 35.91 0.0039 0.3857 24.18 130.6 99.7 21.3 761.23 0.85 21
ZD 1000 37.90 0.0078 1.018 37.20 65.1 99.2 24.1 792.3 1.1 11
ZE 1000 37.01 0.0043 0.6065 44.9 117.7 99.5 27.4 779.2 1.5 21
ZF 1050 37.96 0.0051 0.7676 78.4 100.1 99.4 33.2 794.6 1.2 10
ZG 1050 37.54 0.0042 0.4972 100.1 121.6 99.6 40.6 788.9 1.3 20
ZH 1100 38.72 0.0048 0.4031 142.1 107.1 99.7 51.1 809.4 1.7 9
ZI 1100 39.22 0.0050 0.3275 107.2 102.2 99.8 59.1 818.2 1.9 19
ZJ 1100 41.36 0.0051 0.2972 120.4 100.5 99.8 68.0 854.1 1.1 67
ZK 1100 44.51 0.0038 0.3495 82.5 133.5 99.8 74.1 905.2 1.4 123
ZL 1100 47.07 0.0024 0.7247 66.5 212.9 99.5 79.0 944.2 1.3 245
ZM 1200 47.23 0.0027 0.2223 41.9 191.5 99.9 82.1 949.0 1.6 5
ZN 1300 50.15 0.0009 0.2024 177.4 558.6 99.9 95.3 994.4 2.0 6
ZO 1400 48.47 0.0021 0.3664 14.65 247.3 99.8 96.3 967.7 1.1 6
ZP 1685 48.86 0.0019 0.6378 49.3 274.3 99.6 100.0 972.6 1.4 6
Integrated age ± 1s n=42 1350.3 K2O=13.96 % 862.88 0.85
237
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T01-UI-2 K-feldspar, C:1:140, 2.31 mg,  J=0.0145875, D=1.00535±0.00031, NM-140,  Lab#=52436-01
A 450 265.0 0.1529 78.17 2.761 3.3 91.3 0.8 2758.6 9.9 10
B 450 16.35 0.1304 11.92 0.575 3.9 78.5 0.9 313 10 20
C 450 14.72 0.1357 11.63 0.509 3.8 76.7 1.0 278 10 29
D 500 15.73 0.1752 5.768 1.002 2.9 89.2 1.3 339.9 6.2 10
E 500 13.80 0.2849 3.354 1.102 1.8 93.0 1.6 312.9 4.9 20
F 500 15.09 0.2298 3.521 1.003 2.2 93.2 1.9 340.4 4.7 28
G 550 20.94 0.1745 6.997 2.391 2.9 90.2 2.5 444.0 2.7 10
H 550 18.61 0.1592 2.255 2.146 3.2 96.5 3.1 424.5 2.4 20
I 550 19.66 0.1594 2.116 1.977 3.2 96.9 3.7 447.3 2.4 29
J 600 23.61 0.1397 4.521 4.008 3.7 94.4 4.8 513.6 1.7 10
K 600 21.97 0.1022 1.044 3.719 5.0 98.6 5.8 501.2 1.4 20
L 600 23.02 0.0843 0.7053 3.543 6.1 99.1 6.7 524.3 1.7 29
M 650 24.92 0.0962 1.382 5.08 5.3 98.4 8.1 558.0 1.4 10
N 650 24.69 0.0777 -0.0024 5.69 6.6 100.0 9.7 561.5 1.1 20
O 650 25.16 0.0679 0.6107 5.61 7.5 99.3 11.2 567.1 1.3 29
P 700 26.34 0.0737 0.3855 8.08 6.9 99.6 13.4 591.3 1.2 10
Q 700 26.12 0.0783 0.3192 7.92 6.5 99.7 15.5 587.37 0.95 20
R 700 26.59 0.0731 0.3141 7.23 7.0 99.7 17.5 596.5 1.1 28
S 750 26.77 0.1100 1.065 7.68 4.6 98.9 19.6 595.9 1.3 10
T 750 26.93 0.1127 0.2785 7.90 4.5 99.7 21.8 603.32 1.00 20
U 750 27.17 0.1344 0.4585 6.37 3.8 99.5 23.5 606.9 1.3 29
V 800 27.45 0.1899 0.9985 5.67 2.7 99.0 25.0 609.3 1.1 10
W 800 27.48 0.2053 0.6100 6.14 2.5 99.4 26.7 612.1 1.1 20
X 850 28.01 0.2598 1.356 7.10 2.0 98.6 28.6 618.1 1.3 11
Y 850 28.36 0.2488 0.2049 7.96 2.1 99.9 30.8 631.2 1.1 21
Z 900 29.45 0.2144 0.3427 9.45 2.4 99.7 33.4 650.84 1.00 10
ZA 900 28.77 0.1659 0.4437 9.27 3.1 99.6 35.9 637.3 1.1 21
ZB 950 28.15 0.1183 0.1707 9.59 4.3 99.9 38.5 627.23 0.99 11
ZC 950 28.07 0.0875 0.4250 10.57 5.8 99.6 41.4 624.17 0.87 21
ZD 1000 27.66 0.0662 0.2501 15.62 7.7 99.8 45.6 617.29 0.99 11
ZE 1000 27.99 0.0545 0.3889 19.46 9.4 99.6 50.9 622.7 1.1 21
ZF 1050 27.69 0.0620 0.3887 25.13 8.2 99.6 57.8 617.11 0.61 10
ZG 1050 28.20 0.0699 0.4724 29.29 7.3 99.5 65.7 626.3 1.0 20
ZH 1100 28.85 0.1051 0.6277 15.14 4.9 99.4 69.8 637.80 0.78 9
ZI 1100 30.25 0.2004 1.162 16.93 2.5 98.9 74.5 661.17 0.75 19
ZJ 1100 31.94 0.2687 1.541 23.74 1.9 98.6 80.9 690.37 0.72 65
ZK 1100 33.80 0.3179 2.350 18.23 1.6 98.0 85.9 719.8 1.1 114
ZL 1100 35.55 0.3798 3.444 16.35 1.3 97.2 90.3 745.32 0.95 234
ZM 1200 35.18 0.7174 2.475 9.23 0.71 98.1 92.8 744.5 1.1 5
ZN 1300 38.20 0.6741 1.947 19.15 0.76 98.6 98.1 799.8 1.2 6
ZO 1400 44.30 2.474 6.100 2.036 0.21 96.4 98.6 885.1 3.0 6
ZP 1685 44.66 0.5161 3.901 5.12 0.99 97.5 100.0 898.0 1.8 6
Integrated age ± 1s n=42 367.5 K2O=4.19 % 673.74 0.64
238
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T-IL-16f K-feldspar, B:7:140, 2.90 mg,  J=0.0142767, D=1.00535±0.00031, NM-140,  Lab#=52432-01
A 449 1159.0 0.0363 28.15 4.46 14.1 99.3 0.3 5219.2 6.1 10
B 450 78.01 0.0240 5.297 1.475 21.3 98.0 0.4 1347.1 6.3 20
C 450 63.46 0.0111 3.533 1.268 45.8 98.4 0.5 1163.2 5.2 29
D 500 48.43 0.0297 1.078 2.419 17.2 99.3 0.7 954.6 3.1 10
E 500 40.18 0.0707 1.158 2.690 7.2 99.2 0.8 822.1 2.4 20
F 500 39.48 0.0678 1.206 2.503 7.5 99.1 1.0 810.2 2.9 28
G 550 58.68 0.0387 0.7934 5.13 13.2 99.6 1.4 1107.7 2.1 10
H 550 39.19 0.0361 0.5425 5.32 14.1 99.6 1.7 808.5 1.9 21
I 550 37.23 0.0291 0.6092 4.92 17.6 99.5 2.1 775.1 1.7 29
J 600 74.16 0.0262 0.8611 14.44 19.5 99.7 3.1 1315.2 1.6 10
K 600 38.29 0.0206 0.2912 10.30 24.8 99.8 3.8 794.6 1.4 20
L 600 38.81 0.0183 0.3333 9.10 27.9 99.7 4.4 803.2 1.3 29
M 650 62.36 0.0209 0.5392 22.31 24.5 99.7 5.9 1160.3 1.4 10
N 650 38.90 0.0192 0.3059 14.83 26.5 99.8 6.9 804.8 1.1 20
O 650 38.35 0.0147 0.4024 12.57 34.7 99.7 7.8 795.1 1.1 29
P 700 42.79 0.0165 0.0721 15.16 30.9 100.0 8.8 870.0 1.2 10
Q 700 38.93 0.0115 0.0188 15.31 44.5 100.0 9.9 806.6 1.0 20
R 700 38.60 0.0102 0.1817 13.02 50.2 99.9 10.8 800.4 1.1 28
S 750 40.40 0.0121 0.1562 14.36 42.3 99.9 11.8 830.4 1.1 10
T 750 38.79 0.0095 0.1688 14.48 54.0 99.9 12.7 803.5 1.0 20
U 750 38.75 0.0096 0.3890 12.58 53.1 99.7 13.6 801.89 0.81 29
V 800 40.06 0.0119 0.1537 12.51 43.0 99.9 14.5 824.9 1.1 10
W 800 39.36 0.0087 0.0735 13.86 58.9 99.9 15.4 813.67 0.99 20
X 850 41.33 0.0113 0.2175 15.58 45.0 99.8 16.5 845.6 1.2 11
Y 850 40.33 0.0083 0.1730 15.84 61.6 99.9 17.6 829.25 0.89 21
Z 900 43.12 0.0126 0.2921 18.53 40.4 99.8 18.8 874.4 1.1 10
ZA 900 42.21 0.0079 0.1868 19.52 64.9 99.9 20.2 860.12 0.87 20
ZB 950 45.01 0.0106 0.2633 22.03 48.2 99.8 21.7 904.8 1.6 11
ZC 950 45.03 0.0082 0.2340 26.10 62.2 99.8 23.5 905.2 1.3 21
ZD 1000 47.76 0.0102 0.3588 36.42 50.0 99.8 26.0 947.4 1.2 11
ZE 1000 47.81 0.0083 0.2795 46.7 61.5 99.8 29.2 948.5 1.7 21
ZF 1050 48.78 0.0114 0.3215 64.3 44.9 99.8 33.6 963.4 1.2 10
ZG 1050 48.68 0.0111 0.2923 75.1 46.0 99.8 38.7 962.1 1.9 20
ZH 1100 50.52 0.0164 0.2572 83.5 31.2 99.9 44.4 990.3 1.6 9
ZI 1100 52.03 0.0150 0.2189 69.4 34.0 99.9 49.2 1013.2 1.1 19
ZJ 1100 56.08 0.0111 0.2575 95.0 45.9 99.9 55.7 1072.6 1.4 64
ZK 1100 60.56 0.0071 0.3967 76.8 71.9 99.8 61.0 1135.9 2.0 119
ZL 1100 63.80 0.0050 0.5219 91.3 102.1 99.8 67.2 1180.1 1.7 243
ZM 1200 65.99 0.0042 0.1153 69.1 121.1 99.9 71.9 1211.5 2.4 5
ZN 1300 67.78 0.0021 0.0699 260.2 248.6 100.0 89.8 1235.4 3.0 6
ZO 1400 66.20 0.0118 0.3285 25.34 43.3 99.9 91.5 1213.4 1.2 6
ZP 1685 66.40 0.0058 0.2711 123.9 88.6 99.9 100.0 1216.4 2.5 6
Integrated age ± 1s n=42 1459.6 K2O=13.54 % 1119.1 1.1
239
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T01-RR-4f K-feldspar, C:10:140, 2.79 mg,  J=0.0144973, D=1.00535±0.00031, NM-140,  Lab#=52442-01
A 450 1340.9 0.0061 72.51 3.727 83.6 98.4 0.2 5482.3 7.6 10
B 450 67.11 0.0062 7.467 2.032 81.9 96.7 0.4 1210.8 3.4 20
C 450 46.98 -0.0034 4.097 1.769       - 97.4 0.5 929.1 3.0 29
D 500 59.74 0.0003 2.452 3.411 1963.1 98.8 0.7 1128.6 2.1 10
E 500 33.67 0.0010 1.762 4.18 522.1 98.5 1.0 716.2 1.4 20
F 500 26.51 0.0028 1.901 3.931 182.4 97.9 1.3 582.7 1.3 28
G 550 32.47 0.0032 1.380 6.95 158.5 98.7 1.7 696.65 0.88 10
H 550 20.38 0.0027 0.7022 8.34 186.4 99.0 2.3 468.00 0.75 20
I 550 16.06 0.0016 0.6227 8.09 318.5 98.9 2.8 377.85 0.87 29
J 600 26.47 0.0016 1.085 12.52 319.7 98.8 3.6 586.66 0.82 10
K 600 14.61 0.0005 0.3099 13.58 1021.2 99.4 4.5 348.33 0.64 20
L 600 14.71 0.0002 0.3450 12.37 3376.6 99.3 5.3 350.27 0.64 29
M 650 18.10 0.0016 0.4865 15.89 311.4 99.2 6.4 421.98 0.59 10
N 650 15.32 0.0005 0.4097 16.95 946.2 99.2 7.5 363.16 0.71 21
O 650 15.68 0.0012 0.4645 14.81 435.7 99.1 8.5 370.59 0.56 28
P 700 18.33 0.0014 0.3852 15.96 364.6 99.4 9.5 427.44 0.55 10
Q 700 16.91 0.0012 0.2198 17.54 409.8 99.6 10.7 398.65 0.54 20
R 700 18.02 0.0008 0.4366 15.15 622.8 99.3 11.7 420.77 0.54 28
S 750 24.02 0.0017 0.9182 15.89 298.3 98.9 12.7 539.82 0.74 10
T 750 19.71 0.0011 0.1846 17.35 480.7 99.7 13.9 457.35 0.69 20
U 750 20.47 0.0014 0.4658 16.22 369.7 99.3 14.9 471.25 0.76 29
V 800 23.79 0.0018 0.7327 17.23 286.2 99.1 16.1 536.34 0.74 10
W 800 21.29 0.0012 0.3266 20.63 411.2 99.5 17.4 488.83 0.60 20
X 850 23.20 0.0036 0.4435 27.02 141.5 99.4 19.2 526.55 0.62 11
Y 850 21.77 0.0017 0.2453 30.29 291.9 99.7 21.2 498.99 0.62 21
Z 900 24.62 0.0028 0.6194 38.45 185.4 99.3 23.7 553.31 0.74 10
ZA 900 22.12 0.0008 0.1847 40.3 604.4 99.8 26.4 506.39 0.63 20
ZB 950 24.15 0.0019 0.4855 45.5 268.2 99.4 29.4 544.91 0.73 11
ZC 950 22.33 0.0012 0.3168 47.4 414.3 99.6 32.5 509.87 0.75 21
ZD 1000 23.99 0.0024 0.4225 52.0 209.4 99.5 35.9 542.22 0.73 11
ZE 1000 23.43 0.0014 0.3939 57.3 358.4 99.5 39.7 531.24 0.59 21
ZF 1050 25.19 0.0022 0.5577 67.3 230.6 99.3 44.1 564.83 0.85 10
ZG 1050 25.59 0.0019 0.5785 82.2 270.5 99.3 49.5 572.58 0.76 20
ZH 1100 26.59 0.0026 0.5222 79.1 196.1 99.4 54.7 592.04 0.63 9
ZI 1100 25.95 0.0023 0.4290 64.1 219.0 99.5 58.9 580.36 0.59 19
ZJ 1100 25.65 0.0019 0.3955 85.3 264.0 99.5 64.6 574.66 0.53 63
ZK 1100 26.70 0.0012 0.5403 73.3 431.9 99.4 69.4 594.16 0.68 120
ZL 1100 29.60 0.0008 0.9664 75.7 653.1 99.0 74.4 646.43 0.91 233
ZM 1200 30.88 0.0004 0.5142 44.0 1434.8 99.5 77.3 672.36 0.88 5
ZN 1300 43.08 0.0002 0.6504 239.6 2975.0 99.6 93.0 882.5 1.7 6
ZO 1400 47.43 0.0010 1.192 23.74 529.5 99.3 94.6 949.72 0.79 6
ZP 1685 47.04 0.0008 1.297 82.0 647.1 99.2 100.0 943.2 1.1 6
Integrated age ± 1s n=42 1519.3 K2O=14.43 % 695.27 0.70
240
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T01-RR-6f K-feldspar, D:1:140, ~2 mg,  J=0.0147132, D=1.00535±0.00031, NM-140,  Lab#=52444-01
A 450 1529.3 0.0504 63.02 1.136 10.1 98.8 0.1 5744 23 10
B 450 45.11 0.0261 12.33 0.400 19.6 91.9 0.2 869 17 20
C 450 43.62 -0.0141 20.22 0.323       - 86.3 0.2 805 15 28
D 500 45.40 0.0236 8.026 0.748 21.7 94.8 0.3 895.4 6.7 10
E 500 19.94 0.0155 4.100 0.816 32.9 93.9 0.4 444.0 5.5 20
F 500 21.25 0.0146 6.547 0.801 35.0 90.9 0.6 456.4 5.6 28
G 550 45.32 0.0223 3.092 1.749 22.9 98.0 0.8 918.0 2.9 10
H 550 15.10 0.0232 2.067 1.868 22.0 96.0 1.0 352.4 2.3 20
I 550 15.57 0.0188 1.778 1.864 27.1 96.6 1.3 364.7 2.5 29
J 600 40.44 0.0157 0.7881 3.725 32.4 99.4 1.8 848.3 1.7 10
K 600 17.58 0.0086 0.5105 4.06 59.0 99.1 2.3 416.5 1.3 20
L 600 16.20 0.0065 1.476 4.13 78.7 97.3 2.8 380.5 1.3 29
M 650 24.69 0.0095 0.5113 6.32 53.6 99.4 3.6 562.46 0.95 10
N 650 16.87 0.0085 0.4117 7.25 60.2 99.3 4.6 401.91 0.92 20
O 650 17.17 0.0071 0.7821 6.86 72.1 98.7 5.5 405.8 1.1 28
P 700 18.38 0.0102 0.3339 8.02 49.8 99.5 6.5 434.61 0.77 10
Q 700 17.87 0.0082 0.5129 8.28 61.9 99.2 7.6 422.62 0.99 20
R 700 19.26 0.0073 0.5446 7.03 69.9 99.2 8.5 451.73 0.88 28
S 750 21.92 0.0126 0.8341 7.02 40.5 98.9 9.5 505.1 1.1 10
T 750 22.16 0.0128 0.8615 7.00 39.7 98.9 10.4 509.73 1.00 20
U 750 23.01 0.0097 1.168 5.74 52.5 98.5 11.1 525.1 1.5 28
V 800 24.41 0.0094 0.3414 6.05 54.1 99.6 11.9 558.0 1.0 10
W 800 24.33 0.0052 0.5692 6.68 98.2 99.3 12.8 555.1 1.2 20
X 850 25.75 0.0099 0.4691 8.83 51.7 99.5 13.9 583.52 0.82 11
Y 850 23.87 0.0063 0.6749 9.23 80.7 99.2 15.1 545.24 0.94 20
Z 900 25.48 0.0117 0.2872 11.61 43.6 99.7 16.7 579.40 0.88 10
ZA 900 24.28 0.0042 0.4622 11.38 122.4 99.4 18.1 554.74 0.82 20
ZB 950 25.84 0.0107 0.3173 14.45 47.5 99.6 20.0 586.18 0.70 11
ZC 950 24.95 0.0048 0.1992 14.06 107.2 99.8 21.9 569.46 0.78 21
ZD 1000 26.71 0.0087 0.4195 17.98 58.4 99.5 24.2 602.47 0.69 11
ZE 1000 25.92 0.0054 0.3369 19.25 95.2 99.6 26.7 587.61 0.74 20
ZF 1050 27.02 0.0073 0.2683 29.26 69.5 99.7 30.6 609.4 1.1 9
ZG 1050 26.21 0.0062 0.2847 38.18 81.7 99.7 35.5 593.67 0.74 20
ZH 1100 27.43 0.0078 0.2731 55.8 65.2 99.7 42.8 617.23 0.73 9
ZI 1100 28.07 0.0074 0.2295 61.8 68.5 99.8 50.9 629.65 0.55 19
ZJ 1100 29.47 0.0069 0.2498 76.1 74.1 99.8 60.8 656.00 0.68 57
ZK 1100 30.74 0.0045 0.4861 59.7 112.8 99.5 68.6 678.35 0.76 118
ZL 1100 31.85 0.0028 0.9674 51.1 182.1 99.1 75.3 696.25 0.93 236
ZM 1200 32.42 0.0024 0.2539 25.82 215.2 99.8 78.7 710.49 0.76 5
ZN 1300 33.57 0.0008 0.1673 113.0 629.7 99.9 93.5 731.8 1.2 6
ZO 1400 35.71 0.0013 0.3931 16.63 380.0 99.7 95.6 768.70 0.97 6
ZP 1685 35.58 0.0013 0.5847 33.46 394.9 99.5 100.0 765.48 0.88 6
Integrated age ± 1s n=42 765.5 683.22 0.65
241
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T01-RR-7f  K-feldspar, D:2:140, ~2 mg,  J=0.0146548, D=1.00535±0.00031, NM-140,  Lab#=52445-01
A 450 916.1 0.0193 28.76 3.100 26.4 99.1 0.3 4858.0 8.4 9
B 450 36.24 0.0026 1.326 1.260 198.4 98.9 0.4 770.6 5.6 20
C 450 27.35 -0.0016 0.7422 1.085       - 99.2 0.5 610.9 4.8 28
D 500 23.14 0.0106 0.3643 1.874 48.1 99.5 0.7 530.8 3.3 10
E 500 18.55 0.0119 0.5157 2.155 43.0 99.2 0.9 435.6 2.3 20
F 500 19.45 0.0060 0.1122 2.193 84.4 99.8 1.1 456.8 2.0 28
G 550 23.49 0.0207 -0.0793 4.33 24.6 100.1 1.6 540.2 1.5 10
H 550 18.87 0.0140 0.1743 5.12 36.4 99.7 2.1 444.4 1.1 20
I 550 20.72 0.0107 0.2097 5.39 47.6 99.7 2.6 482.6 1.1 28
J 600 24.05 0.0090 -0.0556 8.93 56.8 100.1 3.4 551.37 0.81 10
K 600 20.48 0.0055 -0.0470 10.55 92.9 100.1 4.5 479.14 0.78 20
L 600 20.73 0.0040 -0.0364 10.22 126.6 100.1 5.5 484.27 0.76 29
M 650 23.76 0.0064 0.1399 13.93 79.5 99.8 6.8 544.44 0.69 10
N 650 21.46 0.0040 -0.0042 15.30 128.2 100.0 8.3 498.92 0.66 20
O 650 21.64 0.0036 -0.0214 13.75 141.3 100.0 9.7 502.80 0.75 28
P 700 22.90 0.0038 -0.1972 15.02 134.3 100.3 11.1 529.23 0.73 10
Q 700 22.45 0.0026 -0.0360 14.74 193.4 100.0 12.6 519.30 0.70 20
R 700 22.70 0.0032 -0.0081 11.86 160.1 100.0 13.7 524.11 0.81 28
S 750 23.53 0.0038 -0.1047 11.65 134.9 100.1 14.8 541.26 0.75 10
T 751 23.59 0.0038 -0.0446 11.61 135.8 100.1 16.0 542.09 0.83 20
U 750 23.97 0.0020 0.4465 9.20 250.6 99.4 16.9 546.7 1.0 29
V 800 25.33 0.0070 -0.2578 8.46 73.2 100.3 17.7 577.66 0.89 10
W 800 24.39 0.0030 0.3394 9.02 169.9 99.6 18.6 555.76 0.92 20
X 850 25.26 0.0083 0.2122 11.27 61.2 99.8 19.7 573.47 0.87 10
Y 850 25.58 0.0045 -0.0889 12.33 112.3 100.1 20.9 581.56 0.82 21
Z 900 27.13 0.0092 -0.0126 15.12 55.4 100.0 22.3 610.96 0.98 10
ZA 900 26.58 0.0051 0.0865 16.12 100.2 99.9 23.9 599.89 0.70 20
ZB 950 28.83 0.0100 0.1046 22.89 50.8 99.9 26.1 642.58 0.86 11
ZC 950 28.52 0.0045 0.2047 25.46 114.6 99.8 28.6 636.11 0.71 21
ZD 1000 29.55 0.0066 0.1844 41.8 77.0 99.8 32.7 655.7 1.1 10
ZE 1000 29.70 0.0043 0.1759 53.0 118.1 99.8 37.8 658.58 0.77 20
ZF 1050 30.14 0.0052 0.2078 85.2 97.9 99.8 46.1 666.51 0.67 10
ZG 1050 30.10 0.0047 0.1555 92.8 109.2 99.8 55.2 666.13 0.85 20
ZH 1100 30.23 0.0061 0.1950 57.8 83.9 99.8 60.8 668.33 0.58 9
ZI 1100 30.37 0.0056 0.1027 50.2 91.3 99.9 65.7 671.39 0.82 19
ZJ 1100 31.13 0.0051 0.2069 61.7 100.3 99.8 71.7 684.89 0.75 57
ZK 1100 32.41 0.0042 0.3631 53.3 122.8 99.7 76.9 707.34 0.73 113
ZL 1100 34.10 0.0031 0.7637 52.5 163.9 99.3 82.0 735.75 0.82 241
ZM 1201 37.59 0.0047 0.0232 12.86 109.4 100.0 83.2 800.84 0.96 5
ZN 1300 38.90 0.0014 0.1158 143.3 370.3 99.9 97.2 822.9 1.2 6
ZO 1400 51.99 0.0027 -0.0753 8.78 186.3 100.0 98.1 1034.3 1.7 6
ZP 1685 56.09 0.0033 0.6778 20.00 156.2 99.6 100.0 1092.34 0.94 6
Integrated age ± 1s n=42 1027.1 728.12 0.68
242
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T01-RR-8f K-feldspar, D:4:140, ~2 mg,  J=0.014525, D=1.00535±0.00031, NM-140,  Lab#=52446-01
A 450 405.3 0.0399 45.44 2.616 12.8 96.7 0.2 3471.2 7.2 9
B 450 27.34 0.0156 3.204 1.232 32.7 96.5 0.3 592.2 5.9 20
C 450 23.83 0.0072 2.981 1.031 70.7 96.3 0.4 524.9 5.4 28
D 500 22.45 0.0212 2.152 1.972 24.1 97.2 0.6 502.3 3.4 10
E 500 18.18 0.0179 0.1896 2.192 28.5 99.7 0.8 426.3 2.3 20
F 500 18.69 0.0342 1.045 2.113 14.9 98.4 1.0 431.7 2.3 28
G 550 23.71 0.0434 1.132 4.51 11.8 98.6 1.4 533.4 1.4 10
H 550 19.26 0.0402 0.1962 4.92 12.7 99.7 1.9 448.8 1.2 20
I 550 19.61 0.0227 -0.3785 4.91 22.5 100.6 2.3 459.7 1.2 29
J 600 22.43 0.0188 0.1101 8.45 27.2 99.9 3.1 514.00 0.86 10
K 600 20.62 0.0129 -0.0168 9.66 39.5 100.0 4.0 478.17 0.76 20
L 600 21.05 0.0131 0.0604 9.04 38.8 99.9 4.8 486.44 0.89 29
M 650 22.10 0.0145 0.0456 12.03 35.1 99.9 5.9 507.80 0.72 10
N 650 21.71 0.0115 0.1176 12.46 44.4 99.8 7.0 499.53 0.80 20
O 650 22.11 0.0108 0.2685 10.59 47.4 99.6 8.0 506.57 0.97 28
P 700 23.15 0.0134 0.1224 11.31 37.9 99.8 9.0 528.15 0.66 10
Q 701 22.54 0.0132 0.0026 11.38 38.6 100.0 10.0 516.85 0.71 20
R 700 23.22 0.0145 1.033 8.50 35.2 98.7 10.8 524.34 0.97 28
S 750 24.20 0.0245 0.9343 7.81 20.8 98.9 11.5 544.3 1.0 10
T 750 23.84 0.0174 -0.0581 7.85 29.4 100.1 12.2 542.87 0.96 20
U 750 24.47 0.0165 0.7638 6.27 30.9 99.1 12.8 550.6 1.1 29
V 800 25.44 0.0341 0.0116 6.08 14.9 100.0 13.4 573.8 1.1 10
W 800 25.92 0.0204 0.0547 7.00 25.0 99.9 14.0 582.8 1.1 20
X 850 26.92 0.0345 0.3330 9.28 14.8 99.6 14.8 600.5 1.7 10
Y 850 27.39 0.0204 0.0939 10.26 25.0 99.9 15.8 610.72 0.79 20
Z 900 28.15 0.0297 0.3710 13.44 17.2 99.6 17.0 623.68 0.80 10
ZA 900 28.51 0.0150 0.0004 15.17 34.0 100.0 18.4 632.32 0.76 20
ZB 950 28.25 0.0211 0.3635 20.59 24.2 99.6 20.2 625.46 0.69 11
ZC 950 28.66 0.0097 0.2405 23.12 52.6 99.8 22.3 633.86 0.60 20
ZD 1000 27.83 0.0122 0.3088 38.07 41.7 99.7 25.8 617.86 0.69 10
ZE 1000 27.97 0.0078 0.2622 48.6 65.6 99.7 30.2 620.7 1.3 21
ZF 1050 27.68 0.0091 0.3470 81.9 56.3 99.6 37.7 614.90 0.64 10
ZG 1050 28.71 0.0074 0.2161 94.0 69.2 99.8 46.2 634.94 0.68 20
ZH 1100 28.76 0.0102 0.2574 79.3 49.9 99.7 53.4 635.7 1.8 9
ZI 1100 29.90 0.0114 0.2239 72.7 44.6 99.8 60.0 657.03 0.66 19
ZJ 1100 30.94 0.0134 0.2588 87.9 38.1 99.8 68.0 675.95 0.87 53
ZK 1100 31.99 0.0135 0.3505 84.9 37.7 99.7 75.8 694.70 0.69 129
ZL 1100 33.09 0.0102 0.5886 63.3 50.2 99.5 81.5 713.22 0.78 234
ZM 1200 31.32 0.0058 0.0827 33.22 87.9 99.9 84.5 683.8 1.0 5
ZN 1300 35.23 0.0129 0.1073 127.3 39.4 99.9 96.1 753.77 0.93 6
ZO 1400 36.28 0.0180 0.1608 10.02 28.4 99.9 97.0 771.8 1.1 6
ZP 1685 36.18 0.0055 0.4425 32.95 93.3 99.6 100.0 768.6 1.6 6
Integrated age ± 1s n=42 1100.1 666.58 0.65
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ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T01-UN-1f K-feldspar, B:8:140, ~2 mg,  J=0.0143296, D=1.00535±0.00031, NM-140,  Lab#=52433-01
A 450 1327.3 0.0465 55.87 1.564 11.0 98.8 0.2 5451 13 10
B 450 79.10 0.0138 10.24 0.547 37.0 96.2 0.2 1346 10 20
C 451 65.73 -0.0012 7.517 0.448       - 96.6 0.3 1181 11 28
D 500 48.69 0.0204 4.761 0.858 25.0 97.1 0.4 944.4 6.6 10
E 500 43.79 0.0125 5.619 1.007 40.7 96.2 0.5 862.3 4.6 20
F 500 40.40 0.0104 4.534 0.977 49.1 96.7 0.6 811.4 4.1 28
G 550 46.33 0.0356 1.759 1.826 14.3 98.9 0.9 921.4 3.3 10
H 550 37.92 0.0369 1.773 2.304 13.8 98.6 1.1 783.4 2.5 20
I 550 38.41 0.0274 1.576 2.325 18.6 98.8 1.4 792.7 2.1 29
J 600 51.18 0.0263 1.350 4.41 19.4 99.2 1.9 998.2 1.6 10
K 600 39.76 0.0279 1.298 4.96 18.3 99.0 2.5 816.7 1.3 20
L 600 38.16 0.0196 0.5770 4.68 26.0 99.6 3.1 793.3 1.5 28
M 650 51.17 0.0284 0.6828 8.96 17.9 99.6 4.1 1001.1 1.5 10
N 650 38.50 0.0107 0.5920 7.85 47.9 99.5 5.1 799.0 1.1 20
O 650 38.07 0.0108 0.5734 7.08 47.4 99.6 5.9 791.9 1.2 29
P 700 42.38 0.0119 0.3521 9.24 43.0 99.8 7.0 864.5 1.3 9
Q 700 37.94 0.0077 0.4121 9.24 66.2 99.7 8.1 790.4 1.2 20
R 700 38.78 0.0057 0.6248 8.17 89.5 99.5 9.0 803.6 1.2 28
S 750 40.19 0.0138 0.2862 8.42 36.9 99.8 10.0 828.8 1.2 10
T 750 38.85 0.0069 0.4892 8.96 74.5 99.6 11.1 805.4 1.0 20
U 750 38.84 0.0074 0.2347 7.73 69.4 99.8 12.0 806.6 1.5 29
V 800 40.21 0.0125 0.3948 7.51 40.8 99.7 12.9 828.6 1.4 10
W 800 39.48 0.0103 0.3712 8.44 49.4 99.7 13.9 816.6 1.0 20
X 850 41.37 0.0161 0.3464 9.34 31.7 99.8 15.0 848.1 1.3 10
Y 850 41.26 0.0109 0.2313 9.19 46.8 99.8 16.1 846.9 1.2 20
Z 900 43.42 0.0162 0.5965 10.02 31.4 99.6 17.3 880.3 1.1 10
ZA 900 43.76 0.0080 0.4048 10.57 64.0 99.7 18.5 886.7 1.2 20
ZB 950 46.22 0.0123 0.3676 12.14 41.5 99.8 20.0 926.1 1.1 10
ZC 950 46.47 0.0079 0.4057 12.73 64.5 99.7 21.5 929.8 1.1 21
ZD 1000 48.75 0.0099 0.4685 16.16 51.5 99.7 23.4 965.0 1.1 10
ZE 1000 48.88 0.0080 0.4864 19.70 63.5 99.7 25.7 966.94 0.92 20
ZF 1050 50.25 0.0113 0.4262 30.17 45.3 99.8 29.3 988.3 1.1 9
ZG 1050 50.09 0.0094 0.3126 40.14 54.3 99.8 34.0 986.31 0.90 19
ZH 1100 51.73 0.0137 0.3949 49.3 37.2 99.8 39.9 1010.8 1.2 9
ZI 1100 53.39 0.0148 0.3276 53.9 34.5 99.8 46.2 1035.9 1.1 19
ZJ 1100 61.32 0.0083 0.3458 244.9 61.5 99.8 75.2 1149.9 2.8 543
ZK 1100 66.58 0.0008 1.125 3.160 620.9 99.5 75.6 1218.6 2.2 -3
ZL 1250 65.90 0.0014 0.0850 147.3 355.8 100.0 93.0 1213.6 2.6 6
ZM 1300 65.80 0.0019 0.7712 13.09 268.0 99.7 94.5 1209.6 1.3 6
ZN 1400 64.75 0.0016 0.2907 11.00 315.8 99.9 95.8 1197.2 1.5 6
ZO 1685 63.99 0.0033 0.5625 35.22 152.8 99.7 100.0 1185.8 1.0 6
Integrated age ± 1s n=41 845.6 1103.9 1.3
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ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T01-UI-3 K-feldspar, C:2:140, 2.04 mg,  J=0.0145563, D=1.00535±0.00031, NM-140,  Lab#=52437-01
A 450 976.1 0.0144 34.36 3.082 35.4 99.0 0.3 4952.6 6.2 10
B 450 18.08 0.0095 3.838 1.626 53.4 93.7 0.4 402.2 3.8 20
C 450 16.13 0.0099 1.979 1.445 51.4 96.4 0.6 372.0 3.5 28
D 500 26.29 0.0084 2.062 2.872 61.1 97.7 0.8 579.6 2.4 10
E 500 14.66 0.0071 1.026 3.237 72.2 97.9 1.1 346.0 1.6 20
F 500 15.33 0.0081 0.9741 3.187 62.7 98.1 1.4 361.0 1.8 28
G 550 26.55 0.0065 1.060 6.38 78.0 98.8 2.0 590.2 1.2 10
H 550 17.25 0.0062 0.3272 7.14 81.9 99.4 2.7 406.55 0.97 20
I 550 18.11 0.0058 0.3761 6.81 87.9 99.4 3.3 424.6 1.0 29
J 600 25.43 0.0038 0.5384 11.23 132.7 99.4 4.4 571.68 0.75 10
K 600 20.27 0.0026 0.1899 12.06 195.9 99.7 5.5 470.49 0.75 20
L 600 21.48 0.0020 0.1761 11.50 259.3 99.8 6.6 495.35 0.87 29
M 650 23.78 0.0018 0.1501 15.05 289.6 99.8 8.0 541.43 0.66 10
N 650 24.43 0.0015 0.1463 16.51 345.4 99.8 9.5 554.41 0.79 20
O 650 25.81 0.0014 0.2422 14.68 357.8 99.7 10.9 580.7 1.0 29
P 700 27.42 0.0011 0.0795 18.03 456.4 99.9 12.6 612.52 0.90 10
Q 700 27.49 0.0014 0.1234 22.32 359.9 99.9 14.6 613.59 0.80 20
R 700 27.86 0.0012 0.2851 20.37 436.1 99.7 16.5 619.63 0.84 28
S 750 28.29 0.0017 0.0817 21.75 297.4 99.9 18.6 629.00 0.85 10
T 750 27.91 0.0014 0.1022 24.57 362.1 99.9 20.9 621.73 0.85 20
U 750 28.08 0.0011 0.0720 21.20 469.2 99.9 22.8 624.93 0.83 29
V 800 28.28 0.0020 0.0188 19.89 258.5 100.0 24.7 629.1 1.1 10
W 800 28.33 0.0012 0.1309 21.48 411.7 99.9 26.7 629.31 0.83 20
X 850 28.62 0.0017 0.2128 23.53 306.9 99.8 28.9 634.42 0.83 11
Y 850 28.34 0.0017 0.1278 22.70 306.0 99.9 31.0 629.70 0.68 21
Z 900 28.73 0.0024 0.1872 22.30 211.5 99.8 33.1 636.63 0.84 10
ZA 900 28.44 0.0021 0.0718 23.28 245.0 99.9 35.3 631.73 0.72 20
ZB 950 28.29 0.0026 0.1835 22.16 192.8 99.8 37.3 628.41 0.87 11
ZC 950 28.26 0.0018 0.1438 24.37 284.1 99.9 39.6 628.04 0.75 21
ZD 1000 28.32 0.0028 0.2194 28.88 181.5 99.8 42.3 628.77 0.94 11
ZE 1000 28.43 0.0024 0.2484 33.57 214.6 99.7 45.4 630.7 1.0 21
ZF 1050 28.72 0.0029 0.2442 42.8 174.8 99.7 49.4 636.11 0.78 10
ZG 1050 29.62 0.0034 0.2822 53.0 151.1 99.7 54.3 652.68 0.76 20
ZH 1100 29.94 0.0063 0.3192 37.18 80.8 99.7 57.8 658.49 0.94 9
ZI 1100 30.44 0.0076 0.3427 35.30 67.5 99.7 61.1 667.61 0.94 19
ZJ 1100 31.19 0.0092 0.4232 47.3 55.4 99.6 65.5 680.86 0.75 54
ZK 1100 32.52 0.0086 0.5510 50.6 59.1 99.5 70.2 704.4 1.2 114
ZL 1100 34.39 0.0056 0.8396 52.4 91.6 99.3 75.1 736.3 1.0 234
ZM 1200 35.80 0.0029 0.3177 14.52 177.0 99.7 76.4 764.0 1.1 5
ZN 1300 37.91 0.0004 0.3254 195.1 1241.7 99.7 94.6 800.4 1.1 6
ZO 1400 42.36 0.0023 0.4459 30.12 218.2 99.7 97.4 874.72 0.73 6
ZP 1685 42.30 0.0037 1.016 27.53 139.3 99.3 100.0 870.93 0.97 6
Integrated age ± 1s n=42 1072.9 K2O=13.88 % 728.25 0.70
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ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T01-UI-4 K-feldspar, C:4:140, 1.88 mg,  J=0.0144368, D=1.00535±0.00031, NM-140,  Lab#=52438-01
A 450 757.0 0.0312 19.44 1.327 16.4 99.2 0.1 4514 23 10
B 450 33.29 0.0274 6.564 0.548 18.6 94.2 0.2 681 13 20
C 450 29.57 0.0445 4.148 0.443 11.5 95.9 0.2 626 12 28
D 500 21.83 0.0153 -0.6141 0.865 33.4 100.8 0.3 503.6 6.7 10
E 500 19.16 0.0130 1.015 1.012 39.1 98.4 0.4 439.3 5.0 20
F 500 20.97 0.0023 0.1678 1.127 222.2 99.8 0.5 481.5 4.2 28
G 550 28.65 0.0030 0.3233 2.371 168.5 99.7 0.8 630.0 2.6 10
H 550 20.09 0.0027 -0.3826 2.411 187.0 100.6 1.0 467.0 2.3 20
I 550 20.28 0.0006 0.1802 2.448 890.4 99.7 1.3 467.5 2.1 29
J 600 23.95 0.0027 -0.1626 4.40 187.7 100.2 1.7 542.8 1.4 10
K 600 21.60 0.0027 0.1264 5.36 187.6 99.8 2.2 494.6 1.2 20
L 600 22.47 0.0016 0.1443 5.22 322.2 99.8 2.8 511.8 1.2 29
M 650 24.76 0.0023 0.0404 7.91 218.0 100.0 3.5 557.4 1.0 10
N 650 23.99 0.0024 0.2024 9.61 212.2 99.8 4.5 541.44 0.92 20
O 650 24.62 0.0016 -0.0002 8.66 316.7 100.0 5.4 555.06 0.95 29
P 700 25.91 0.0014 -0.1030 10.06 372.0 100.1 6.4 580.5 1.1 10
Q 700 25.59 0.0007 -0.0128 10.81 711.1 100.0 7.5 573.85 0.94 20
R 700 26.25 0.0020 0.1627 8.90 255.1 99.8 8.4 585.6 1.2 28
S 750 26.96 0.0022 -0.0521 8.75 227.0 100.1 9.2 600.25 0.80 10
T 750 27.23 0.0008 -0.0901 8.81 674.5 100.1 10.1 605.6 1.1 20
U 750 27.79 0.0007 0.3251 6.93 694.6 99.7 10.8 613.7 1.2 29
V 800 30.98 0.0023 0.0349 7.74 221.4 100.0 11.6 674.4 1.3 10
W 800 28.16 0.0029 -0.0891 6.85 178.6 100.1 12.3 623.1 1.6 20
X 850 29.09 0.0029 0.0724 10.36 176.4 99.9 13.3 639.52 0.94 10
Y 850 29.05 0.0019 0.8277 9.47 272.7 99.2 14.3 634.7 1.0 21
Z 900 29.85 0.0031 0.3181 10.58 162.7 99.7 15.3 652.2 1.0 10
ZA 900 28.73 0.0022 0.3054 9.46 227.6 99.7 16.3 631.6 1.2 20
ZB 950 29.97 0.0045 0.2160 18.20 113.1 99.8 18.1 654.9 1.1 11
ZC 950 28.82 0.0016 0.1406 14.84 316.3 99.9 19.6 634.19 0.81 21
ZD 1000 29.29 0.0038 0.2025 20.64 132.6 99.8 21.6 642.58 0.70 10
ZE 1000 27.82 0.0026 0.1773 25.88 199.6 99.8 24.2 615.3 1.6 21
ZF 1050 28.09 0.0030 0.1924 47.1 172.0 99.8 28.9 620.21 0.65 10
ZG 1050 27.28 0.0027 0.2048 74.3 190.0 99.8 36.4 604.9 1.1 20
ZH 1100 27.64 0.0032 0.2101 81.4 159.4 99.8 44.5 611.69 0.63 9
ZI 1100 27.74 0.0033 0.1598 84.8 153.0 99.8 53.0 613.86 0.73 19
ZJ 1100 28.40 0.0028 0.1819 88.0 180.0 99.8 61.8 626.15 0.85 54
ZK 1100 29.43 0.0018 0.2340 74.6 285.7 99.8 69.3 645.0 1.2 120
ZL 1100 30.68 0.0011 0.5292 65.8 480.0 99.5 75.9 666.35 0.87 241
ZM 1200 31.64 0.0012 0.0588 19.78 411.0 99.9 77.9 686.45 0.90 5
ZN 1300 34.17 0.0006 0.1054 195.2 847.9 99.9 97.4 731.3 1.4 6
ZO 1400 36.47 0.0019 0.3187 8.48 263.4 99.7 98.3 770.5 1.3 6
ZP 1685 37.18 0.0027 0.8308 17.38 192.5 99.3 100.0 780.0 1.0 6
Integrated age ± 1s n=42 998.8 K2O=14.14 % 665.23 0.69
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ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T01-UI-6 K-feldspar, C:5:140, 1.97 mg,  J=0.0143807, D=1.00535±0.00031, NM-140,  Lab#=52439-01
A 450 321.7 0.0523 42.30 1.531 9.8 96.1 0.3 3095 17 10
B 450 30.23 0.0356 4.177 0.795 14.4 95.9 0.5 636.2 7.8 20
C 450 23.53 0.0433 6.637 0.693 11.8 91.7 0.6 493.0 6.7 29
D 500 24.69 0.0296 2.781 1.317 17.2 96.7 0.9 538.5 5.1 10
E 500 18.15 0.0278 0.5721 1.689 18.4 99.1 1.2 419.6 2.9 20
F 500 18.53 0.0204 2.132 1.370 25.0 96.6 1.5 418.0 3.4 28
G 550 24.54 0.0295 1.508 3.556 17.3 98.2 2.2 543.0 1.5 10
H 550 19.86 0.0233 0.9154 3.952 21.9 98.6 3.0 452.9 1.4 20
I 550 20.43 0.0174 0.4658 3.253 29.3 99.3 3.7 467.3 1.4 29
J 600 22.15 0.0207 0.8679 5.43 24.7 98.8 4.8 499.4 1.0 10
K 600 22.11 0.0186 0.5121 6.45 27.5 99.3 6.1 500.68 0.90 20
L 600 22.64 0.0179 0.2078 6.49 28.4 99.7 7.4 513.0 1.1 29
M 650 23.99 0.0234 0.6144 8.31 21.8 99.3 9.1 537.32 0.94 10
N 650 24.10 0.0219 0.1064 10.53 23.3 99.9 11.2 542.41 0.79 20
O 650 24.70 0.0209 0.2196 9.82 24.4 99.7 13.2 553.5 1.0 29
P 700 25.68 0.0266 0.2035 10.99 19.2 99.8 15.5 572.45 0.98 10
Q 700 26.07 0.0251 0.1951 13.52 20.3 99.8 18.2 579.91 0.74 20
R 700 26.72 0.0266 0.2435 11.54 19.1 99.7 20.6 592.10 0.90 28
S 750 27.55 0.0313 0.2553 11.11 16.3 99.7 22.8 607.6 1.2 10
T 750 27.85 0.0366 0.2884 11.76 14.0 99.7 25.2 613.12 0.86 20
U 750 28.67 0.0399 0.2597 9.33 12.8 99.7 27.1 628.65 0.98 29
V 800 29.32 0.0618 0.6963 7.61 8.3 99.3 28.6 638.3 1.2 10
W 800 29.84 0.0694 0.2414 8.02 7.4 99.8 30.3 650.4 1.1 20
X 850 31.57 0.0981 0.6187 7.29 5.2 99.4 31.8 680.1 1.2 11
Y 850 32.38 0.0966 0.3772 8.06 5.3 99.7 33.4 696.0 1.1 21
Z 900 34.31 0.1130 0.5581 8.94 4.5 99.5 35.2 729.3 1.1 10
ZA 900 34.19 0.0896 0.2609 9.26 5.7 99.8 37.1 728.8 1.1 20
ZB 950 33.58 0.0858 0.5735 9.75 5.9 99.5 39.1 716.2 1.2 11
ZC 950 33.08 0.0626 0.7104 11.24 8.1 99.4 41.4 706.6 1.1 21
ZD 1000 33.45 0.0535 0.6833 13.16 9.5 99.4 44.0 713.29 0.85 11
ZE 1000 33.72 0.0421 0.6696 16.17 12.1 99.4 47.3 718.18 0.87 21
ZF 1050 33.99 0.0406 0.9240 19.52 12.6 99.2 51.3 721.57 0.71 10
ZG 1050 34.30 0.0435 1.088 21.47 11.7 99.1 55.6 726.27 0.72 20
ZH 1100 35.19 0.0602 1.609 19.06 8.5 98.7 59.5 739.20 0.85 9
ZI 1100 35.58 0.0890 2.344 21.54 5.7 98.1 63.9 742.4 1.1 19
ZJ 1100 37.31 0.1096 2.670 34.44 4.7 97.9 70.9 770.7 1.3 59
ZK 1100 39.69 0.0984 2.056 40.04 5.2 98.5 79.0 814.3 1.1 115
ZL 1100 43.90 0.0520 1.539 89.7 9.8 99.0 97.2 886.1 1.1 588
ZM 1200 54.72 0.0593 0.3500 4.02 8.6 99.8 98.0 1058.3 1.7 6
ZN 1300 51.12 0.0835 1.117 1.612 6.1 99.4 98.4 1001.2 3.1 6
ZO 1400 56.47 0.4821 3.794 1.878 1.1 98.1 98.7 1069.8 2.7 6
ZP 1685 48.88 0.1171 2.967 6.19 4.4 98.2 100.0 958.4 1.3 6
Integrated age ± 1s n=42 492.4 K2O=6.68 % 744.21 0.72
247
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
TIL-1f K-feldspar, A:1:140, 1.48 mg,  J=0.014344, D=1.00712±0.00131, NM-140,  Lab#=52420-01
A 450 214.9 -0.3992 67.68 1.264       - 90.7 0.3 2435.4 7.4 10
B 450 27.48 0.2891 12.68 0.773 1.8 86.4 0.4 535.1 6.8 20
C 450 25.50 -1.0271 12.32 0.754       - 85.4 0.6 495.8 7.9 29
D 450 25.98 -0.8214 15.47 0.898       - 82.1 0.8 487.1 7.1 45
E 500 30.90 -0.1510 1.101 1.116       - 98.9 1.0 663.3 4.6 10
F 500 20.97 0.2995 3.550 1.497 1.7 95.1 1.4 459.1 4.0 20
G 500 22.03 -0.3490 3.922 1.565       - 94.6 1.7 477.2 3.5 28
H 500 23.53 -0.0120 7.785 1.836       - 90.2 2.1 484.9 3.6 45
I 550 28.46 -0.2097 -0.0465 2.272       - 100.0 2.6 624.6 2.8 10
J 550 22.07 0.1192 1.424 2.112 4.3 98.1 3.1 493.6 2.6 20
K 550 22.83 -0.0314 1.993 2.886       - 97.4 3.7 505.1 2.0 28
L 550 24.01 -0.0937 4.482 2.684       - 94.4 4.2 513.8 2.4 45
M 600 27.87 -0.0095 0.5072 4.059       - 99.5 5.1 611.0 1.7 10
N 600 24.71 0.0476 0.9447 5.192 10.7 98.9 6.2 548.3 1.5 20
O 600 25.22 -0.0440 1.267 5.221       - 98.5 7.3 556.2 1.5 28
P 600 26.27 0.0128 2.208 5.891 39.9 97.5 8.5 571.2 1.4 45
Q 650 28.10 0.0092 -0.1867 5.266 55.5 100.2 9.6 619.1 1.4 10
R 650 27.88 -0.0900 0.1927 7.00       - 99.8 11.0 612.7 1.3 20
S 650 29.30 -0.0016 0.5733 9.42       - 99.4 12.9 637.3 1.2 29
T 700 30.69 -0.0094 0.1037 8.57       - 99.9 14.6 665.2 1.3 10
U 700 31.72 -0.0406 0.1421 11.81       - 99.9 16.9 683.6 1.2 20
V 700 32.83 -0.0074 0.4954 11.24       - 99.6 19.1 701.8 1.2 29
W 750 34.01 -0.0565 -0.0129 11.15       - 100.0 21.2 725.2 1.4 11
X 750 35.08 -0.0036 0.2577 13.70       - 99.8 23.8 742.7 1.2 21
Y 750 36.44 -0.0295 0.5498 11.00       - 99.5 25.8 764.6 1.2 29
Z 800 37.98 -0.0030 0.0226 10.07       - 100.0 27.7 793.7 1.4 10
ZA 800 39.81 0.0045 0.2610 12.61 112.9 99.8 29.9 823.3 1.4 20
ZB 850 41.73 -0.0234 -0.1008 12.97       - 100.1 32.2 856.8 1.3 11
ZC 850 44.21 0.0116 0.3453 13.26 44.0 99.8 34.5 894.9 1.5 21
ZD 900 46.68 0.0241 -0.0793 12.74 21.2 100.1 36.7 936.1 1.4 11
ZE 900 48.57 -0.0299 0.3692 14.74       - 99.8 39.1 963.4 1.4 21
ZF 950 50.54 -0.0115 0.2168 14.32       - 99.9 41.5 994.3 1.5 11
ZG 950 53.96 -0.0227 6.596 17.52       - 96.4 44.3 1017.4 1.9 21
ZH 1000 52.77 -0.0314 0.4200 19.93       - 99.8 47.4 1026.9 1.5 11
ZI 1000 54.76 -0.0133 0.5120 22.63       - 99.7 50.9 1056.0 1.7 21
ZJ 1050 54.84 0.0287 0.4820 26.50 17.8 99.7 54.8 1057.5 1.6 11
ZK 1050 57.51 0.0006 0.6386 30.72 867.3 99.7 59.2 1095.5 1.6 21
ZL 1100 60.30 -0.0031 0.5402 17.59       - 99.7 61.7 1135.6 2.0 11
ZM 1100 56.58 0.0213 0.6773 36.34 23.9 99.6 66.6 1082.0 1.8 21
ZN 1100 58.82 0.0189 0.8849 52.82 27.0 99.6 73.4 1113.2 2.2 56
ZO 1100 59.91 0.0169 1.211 69.3 30.2 99.4 81.7 1127.3 1.8 116
ZP 1100 60.99 0.0007 1.559 73.9 757.9 99.2 90.0 1141.1 1.9 249
ZQ 1200 62.93 0.0240 0.2356 19.71 21.3 99.9 92.1 1173.4 1.8 5
ZR 1300 63.21 0.0063 0.1559 60.57 80.6 99.9 98.2 1177.6 1.8 6
ZS 1400 66.91 0.0398 0.7500 8.69 12.8 99.7 99.1 1225.5 2.0 6
ZT 1685 75.07 0.0203 25.54 9.34 25.2 89.9 100.0 1236.6 2.6 5
Integrated age ± 1s n=46 685.5 1016.3 1.4
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ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
TIL-8f K-feldspar, A:11:140 , 1.29 mg,  J=0.0142618, D=1.00712±0.00131, NM-140,  Lab#=52427-01
A 450 211.1 -0.6059 68.58 0.960       - 90.4 0.2 2399.2 6.8 10
B 450 26.23 -0.5684 8.409 0.702       - 90.3 0.3 531.2 7.6 20
C 450 22.62 0.1200 8.566 0.690 4.3 88.8 0.4 459.8 7.8 29
D 450 23.19 -0.2183 10.36 0.767       - 86.7 0.6 460.0 7.1 45
E 500 22.88 -0.7639 -0.9100 0.910       - 100.9 0.7 519.2 5.6 10
F 500 20.34 -0.2937 0.7500 1.197       - 98.8 0.9 459.6 4.6 20
G 500 21.03 0.1118 4.628 1.173 4.6 93.5 1.1 451.2 4.6 29
H 500 22.03 -0.2119 3.880 1.302       - 94.7 1.4 475.2 4.2 45
I 550 37.54 -0.3125 0.2242 1.606       - 99.8 1.7 781.0 3.6 10
J 550 22.22 -0.5168 1.079 1.731       - 98.4 2.0 495.0 3.2 20
K 550 23.08 -0.3294 2.016 1.609       - 97.3 2.2 506.9 3.3 28
L 550 23.81 -0.0934 3.894 1.734       - 95.1 2.6 510.8 3.2 45
M 600 30.56 -0.4857 -1.0467 1.664       - 100.9 2.8 665.0 3.5 10
N 600 25.35 -0.2540 0.1656 1.957       - 99.7 3.2 561.8 2.7 20
O 600 27.20 -0.2948 3.133 1.843       - 96.5 3.5 580.3 3.1 28
P 600 28.16 -0.3441 2.798 1.947       - 97.0 3.9 600.1 2.9 45
Q 650 46.15 -0.2098 3.545 2.764       - 97.7 4.3 906.4 2.7 10
R 650 29.53 -0.2234 -0.5922 2.314       - 100.5 4.7 644.3 2.4 20
S 650 31.17 -0.1371 0.8554 2.126       - 99.2 5.1 666.5 2.8 29
T 700 34.88 -0.2853 0.1162 2.673       - 99.8 5.6 735.9 2.7 10
U 700 32.77 -0.2294 0.0716 2.860       - 99.9 6.1 699.1 2.4 20
V 700 33.54 -0.1433 0.8753 2.496       - 99.2 6.5 708.7 2.8 29
W 750 35.08 -0.1850 0.0035 2.585       - 100.0 6.9 740.1 2.6 10
X 750 34.79 -0.1458 0.5855 2.809       - 99.5 7.4 732.1 2.3 21
Y 750 36.02 -0.0752 0.5586 2.570       - 99.5 7.8 753.7 2.7 29
Z 800 38.52 -0.2552 -0.0015 2.904       - 99.9 8.3 798.7 2.5 10
ZA 800 37.23 -0.1498 -0.3979 3.105       - 100.3 8.9 779.1 2.2 20
ZB 850 38.56 -0.1243 0.1620 3.752       - 99.9 9.5 798.8 2.1 11
ZC 850 39.78 -0.0301 0.5071 4.428       - 99.6 10.2 817.7 2.0 21
ZD 900 40.68 -0.0810 0.3218 5.699       - 99.8 11.2 833.5 2.0 11
ZE 900 40.98 -0.0376 0.3953 6.22       - 99.7 12.2 838.0 1.9 21
ZF 950 40.87 -0.0332 0.7203 7.74       - 99.5 13.5 834.8 1.4 11
ZG 950 40.65 -0.0431 0.4541 9.14       - 99.7 15.0 832.3 1.6 21
ZH 1000 39.71 -0.0211 0.3442 11.20       - 99.7 16.8 817.3 1.3 11
ZI 1000 40.40 -0.0271 0.5242 13.47       - 99.6 18.9 828.0 1.3 21
ZJ 1050 39.25 -0.0305 0.3490 17.05       - 99.7 21.6 809.7 1.3 11
ZK 1050 40.92 -0.0099 0.5160 17.72       - 99.6 24.3 836.6 1.5 21
ZL 1100 38.33 -0.0132 0.4645 30.77       - 99.6 28.8 793.8 1.3 11
ZM 1100 40.58 -0.0135 0.4947 32.38       - 99.6 33.5 831.1 1.2 21
ZN 1100 42.04 -0.0019 0.7981 47.69       - 99.4 40.1 853.6 2.2 64
ZO 1100 46.01 0.0322 1.974 21.01 15.9 98.7 42.9 911.8 1.6 124
ZP 1100 48.10 -0.0058 3.524 21.81       - 97.8 45.7 937.4 1.5 254
ZQ 1200 43.00 -0.1104 0.0382 6.36       - 100.0 46.5 872.6 1.7 5
ZR 1300 46.58 -0.0029 0.3045 165.5       - 99.8 66.1 928.5 2.0 6
ZS 1400 50.29 -0.0008 0.3962 158.2       - 99.8 82.1 985.3 1.9 6
ZT 1685 48.95 -0.0026 0.8639 206.2       - 99.5 100.0 962.8 1.5 5
Integrated age ± 1s n=46 837.3 911.2 1.3
249
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
TIL-7f K-feldspar, A:10:140 , 1.94 mg,  J=0.0141989, D=1.00712±0.00131, NM-140,  Lab#=52426-01
A 450 593.6 -0.7099 201.8 1.124       - 89.9 0.1 3924.7 7.2 10
B 450 48.63 -0.7343 42.43 0.442       - 74.1 0.2 754 10 20
C 450 40.42 -1.8884 26.87 0.416       - 80.0 0.3 689 10 29
D 450 37.06 -1.3272 24.18 0.493       - 80.4 0.3 644 10 45
E 500 29.56 -0.7339 4.406 0.670       - 95.4 0.4 614.3 5.6 10
F 500 24.64 -0.5705 3.600 1.168       - 95.5 0.6 525.9 3.4 20
G 500 25.37 -0.7851 5.803 1.067       - 93.0 0.7 526.9 4.5 29
H 500 24.00 -0.3402 3.683 1.173       - 95.3 0.9 513.2 3.4 45
I 550 30.23 -0.2693 5.807 1.482       - 94.2 1.1 619.9 3.1 10
J 550 24.74 -0.2032 1.239 2.271       - 98.5 1.4 541.9 2.3 20
K 550 24.49 -0.3904 1.459 2.133       - 98.1 1.6 535.5 2.1 28
L 550 24.82 -0.3425 2.174 2.532       - 97.3 2.0 537.9 2.1 45
M 600 34.34 -0.2518 6.036 3.501       - 94.7 2.4 693.1 2.0 10
N 600 27.37 0.0214 0.7886 4.206 23.9 99.2 3.0 594.8 1.6 20
O 600 29.88 -0.2135 0.6166 3.763       - 99.3 3.5 641.8 1.8 28
P 600 33.45 -0.1078 1.410 4.248       - 98.7 4.0 701.7 1.8 45
Q 650 44.10 -0.1178 4.131 5.238       - 97.2 4.7 867.9 1.6 10
R 650 44.52 -0.1464 0.2747 5.938       - 99.8 5.5 892.7 1.7 20
S 650 49.72 -0.0782 1.099 5.399       - 99.3 6.2 970.0 1.8 29
T 700 53.71 -0.0933 1.841 6.63       - 99.0 7.0 1026.5 1.9 10
U 700 54.14 0.0034 0.2501 5.947 148.3 99.9 7.8 1040.0 2.0 20
V 700 54.75 -0.1371 0.6952 5.046       - 99.6 8.4 1046.8 2.1 28
W 750 55.76 -0.0342 0.8154 10.78       - 99.6 9.7 1061.2 1.6 10
X 750 55.16 -0.0611 0.3679 11.68       - 99.8 11.2 1054.4 1.6 21
Y 750 55.15 0.0148 0.7196 10.28 34.6 99.6 12.4 1052.7 1.5 29
Z 800 55.32 -0.1234 0.3265 7.55       - 99.8 13.4 1056.7 1.7 10
ZA 800 55.18 -0.0622 0.5312 10.00       - 99.7 14.6 1053.8 1.4 20
ZB 850 55.40 -0.0305 0.8424 13.61       - 99.5 16.2 1055.8 1.6 11
ZC 850 55.75 -0.0016 0.5971 16.35       - 99.7 18.1 1062.0 1.6 21
ZD 900 55.76 -0.0140 1.097 21.20       - 99.4 20.6 1060.0 1.9 11
ZE 900 56.07 -0.0495 0.6797 28.57       - 99.6 23.9 1066.2 1.5 21
ZF 950 55.52 0.0009 1.243 30.82 569.4 99.3 27.3 1055.9 2.1 11
ZG 950 55.36 -0.0209 0.8467 30.02       - 99.5 30.6 1055.2 1.6 21
ZH 1000 53.81 -0.0025 1.714 36.87       - 99.1 34.5 1028.8 1.5 11
ZI 1000 53.50 -0.0074 1.471 41.12       - 99.2 38.7 1025.2 1.4 21
ZJ 1050 52.29 -0.0032 1.867 60.35       - 98.9 44.6 1005.5 1.9 11
ZK 1050 53.03 -0.0044 1.327 79.0       - 99.3 52.0 1018.9 1.7 21
ZL 1100 52.97 0.0034 1.092 99.6 151.8 99.4 60.7 1019.0 1.9 11
ZM 1100 53.64 0.0104 0.8547 68.4 48.9 99.5 66.4 1030.0 1.9 21
ZN 1100 55.18 -0.0073 1.027 55.10       - 99.4 70.8 1051.8 1.7 55
ZO 1100 55.80 -0.0009 1.148 57.49       - 99.4 75.1 1060.4 1.8 115
ZP 1100 56.73 0.0018 1.479 62.8 285.8 99.2 79.7 1072.4 1.8 236
ZQ 1200 55.13 0.0135 0.7975 30.69 37.9 99.6 81.9 1052.1 1.5 5
ZR 1300 57.37 -0.0035 0.7740 206.3       - 99.6 95.5 1084.5 2.8 6
ZS 1400 58.42 -0.0275 1.158 16.76       - 99.4 96.5 1097.9 1.6 6
ZT 1685 58.61 -0.0114 2.682 56.74       - 98.6 100.0 1094.2 1.7 6
ZU 1725 89.89 -0.5970 111.9 0.765       - 63.2 100.0 1079.1 9.3 5
Integrated age ± 1s n=47 1127.7 1047.3 1.5
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ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
TIL-10f K-feldspar, B:2:140 , 1.70 mg,  J=0.014424, D=1.00712±0.00131, NM-140,  Lab#=52429-01
A 450 532.4 0.0537 125.6 1.270 9.5 93.0 0.2 3829.9 8.5 10
B 450 39.00 0.1406 13.33 0.737 3.6 89.9 0.3 747.3 6.6 20
C 450 32.55 0.5816 8.764 0.638 0.88 92.2 0.4 656.6 6.9 29
D 450 30.40 0.6476 13.68 0.668 0.79 86.9 0.5 589.2 7.1 45
E 500 31.00 0.6164 2.513 0.862 0.83 97.8 0.6 662.1 5.4 10
F 500 25.77 0.1409 3.283 1.391 3.6 96.3 0.9 558.4 3.4 20
G 500 25.86 -0.0029 3.445 1.420       - 96.1 1.1 558.9 3.3 28
H 500 26.46 -0.0773 5.198 1.699       - 94.2 1.3 560.2 3.0 45
I 550 33.74 0.0805 0.4503 2.203 6.3 99.6 1.7 721.5 2.5 10
J 550 27.86 0.0479 1.019 2.987 10.6 98.9 2.1 610.9 2.0 20
K 550 27.53 0.1264 1.721 3.176 4.0 98.2 2.6 601.0 2.1 28
L 550 28.36 0.0421 2.195 3.905 12.1 97.7 3.2 613.8 1.7 45
M 600 35.36 0.2063 1.090 4.637 2.5 99.1 3.9 747.0 1.9 10
N 600 29.39 -0.0263 0.6117 6.033       - 99.4 4.8 641.6 1.4 20
O 600 29.90 0.0844 0.9637 6.17 6.0 99.1 5.7 649.3 1.4 28
P 600 30.87 0.0078 1.490 7.09 65.8 98.6 6.8 664.2 1.3 45
Q 650 32.16 0.0552 0.2971 6.48 9.2 99.7 7.8 694.0 1.6 10
R 650 32.58 -0.0294 0.8057 8.80       - 99.3 9.0 698.7 1.3 20
S 650 33.26 0.0397 0.7853 9.36 12.8 99.3 10.4 711.2 1.3 29
T 700 36.48 0.0265 0.9505 11.40 19.3 99.2 12.0 766.9 1.4 10
U 700 34.72 0.0244 0.3517 11.84 20.9 99.7 13.7 739.2 1.2 20
V 700 35.88 -0.0105 0.5717 9.94       - 99.5 15.1 758.4 1.2 29
W 750 38.29 0.0037 0.2635 9.92 138.6 99.8 16.5 801.3 1.2 10
X 750 38.34 0.0417 0.3365 10.06 12.2 99.7 17.9 801.9 1.5 20
Y 750 40.03 0.0327 0.8710 8.15 15.6 99.4 19.0 827.6 1.4 29
Z 800 41.00 0.0147 0.5199 7.16 34.8 99.6 20.0 845.6 1.5 10
ZA 800 42.31 -0.0585 0.3358 8.11       - 99.8 21.1 867.9 1.6 20
ZB 850 43.96 -0.0112 0.6666 9.77       - 99.5 22.4 893.3 1.4 11
ZC 850 44.82 0.0060 0.5463 9.86 85.7 99.6 23.7 907.7 1.5 21
ZD 900 45.93 0.0119 1.077 11.42 42.8 99.3 25.2 922.9 1.5 10
ZE 900 46.73 0.0381 0.8028 11.83 13.4 99.5 26.7 936.9 1.4 21
ZF 950 47.07 -0.0365 1.102 17.01       - 99.3 28.9 940.8 1.4 11
ZG 950 48.03 0.0325 0.9058 17.79 15.7 99.4 31.1 956.8 1.6 21
ZH 1000 48.19 0.0133 1.195 30.17 38.3 99.3 34.8 958.0 1.3 11
ZI 1000 49.77 0.0353 0.9002 27.80 14.5 99.5 38.1 983.8 1.3 21
ZJ 1050 49.21 0.0239 0.9913 44.42 21.3 99.4 43.3 974.7 1.3 11
ZK 1050 52.00 0.0428 0.8018 35.32 11.9 99.6 47.2 1018.2 1.5 21
ZL 1100 51.76 0.0290 0.8489 20.06 17.6 99.5 49.4 1014.3 1.5 11
ZM 1100 54.39 0.0321 0.6952 18.99 15.9 99.6 51.4 1054.4 1.5 21
ZN 1100 56.08 0.0420 0.9429 36.41 12.1 99.5 55.2 1078.1 1.6 66
ZO 1100 57.59 0.0557 1.301 40.54 9.2 99.3 59.4 1098.5 1.6 128
ZP 1100 58.45 0.0848 2.061 42.90 6.0 99.0 63.6 1107.7 1.5 243
ZQ 1200 52.69 0.0399 0.5009 37.59 12.8 99.7 67.1 1029.9 1.3 5
ZR 1300 55.66 0.0058 0.3484 272.2 87.7 99.8 90.0 1074.4 2.1 6
ZS 1400 57.30 0.0455 0.3641 59.07 11.2 99.8 94.4 1098.2 1.7 6
ZT 1685 58.53 0.0831 0.5606 78.7 6.1 99.7 100.0 1115.2 1.7 5
Integrated age ± 1s n=46 967.9 1016.3 1.4
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ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
TIL-11f K-feldspar, B:4:140 , 1.79 mg,  J=0.0142978, D=1.00712±0.00131, NM-140,  Lab#=52430-01
A 450 82.25 -0.1779 87.03 2.891       - 68.7 0.4 1081.2 5.5 10
B 450 16.75 0.1549 10.81 1.495 3.3 81.0 0.6 323.3 3.2 20
C 450 15.25 -0.0363 7.658 1.416       - 85.1 0.9 310.6 3.5 29
D 450 15.50 -0.3094 5.639 1.595       - 89.1 1.1 328.4 3.0 45
E 500 17.98 -0.1125 1.205 1.630       - 98.0 1.3 409.7 2.9 10
F 500 14.26 0.0685 1.551 2.212 7.4 96.8 1.6 328.6 2.1 20
G 500 14.60 -0.1127 0.8473 2.191       - 98.2 2.0 340.0 2.2 29
H 500 15.15 0.0827 2.302 2.400 6.2 95.5 2.3 343.0 2.0 45
I 550 19.58 -0.1452 0.8092 2.486       - 98.7 2.7 445.2 2.0 10
J 550 15.57 -0.2029 0.3333 3.045       - 99.3 3.1 364.2 1.7 20
K 550 16.10 -0.1218 0.4473 2.792       - 99.1 3.5 374.9 1.8 28
L 550 17.09 0.0181 1.868 2.886 28.1 96.8 3.9 387.2 1.8 45
M 600 23.18 0.0231 0.9405 2.574 22.1 98.8 4.3 516.9 2.2 10
N 600 18.70 -0.0522 0.4248 2.797       - 99.3 4.7 429.6 1.7 20
O 600 19.78 -0.0091 0.9739 2.338       - 98.5 5.0 448.5 2.0 28
P 600 21.47 -0.0667 2.427 2.200       - 96.6 5.4 474.0 2.1 45
Q 650 26.08 -0.1548 0.4491 1.719       - 99.4 5.6 575.5 2.8 10
R 650 25.46 -0.0328 1.194 1.903       - 98.6 5.9 559.8 2.4 20
S 650 27.31 0.1705 2.253 1.650 3.0 97.6 6.1 589.5 2.7 29
T 700 32.54 -0.0476 0.0161 1.957       - 100.0 6.4 697.1 2.7 10
U 700 33.77 0.1775 1.570 2.350 2.9 98.7 6.7 711.1 2.4 20
V 700 36.81 -0.1252 1.468 2.244       - 98.8 7.0 764.1 2.3 29
W 750 40.68 -0.1357 -0.3390 2.642       - 100.2 7.4 838.2 2.6 10
X 750 41.99 0.0406 0.9615 3.473 12.6 99.3 7.9 853.9 2.2 20
Y 750 43.46 0.0118 0.2617 3.499 43.2 99.8 8.4 880.9 2.4 29
Z 800 45.09 -0.0383 0.2826 4.020       - 99.8 8.9 906.8 2.0 10
ZA 800 44.23 0.0208 0.7963 5.196 24.5 99.5 9.7 890.8 1.9 20
ZB 850 44.57 -0.1294 0.2352 6.65       - 99.8 10.6 898.7 1.7 11
ZC 850 45.29 -0.0067 3.401 7.96       - 97.8 11.7 895.4 1.6 21
ZD 900 45.65 -0.0358 0.3400 9.16       - 99.8 12.9 915.4 1.4 10
ZE 900 45.92 0.0236 0.2981 10.20 21.6 99.8 14.3 920.1 1.5 21
ZF 950 46.81 -0.0102 0.0794 10.48       - 99.9 15.7 935.0 1.5 11
ZG 950 47.44 -0.0727 0.4544 12.16       - 99.7 17.3 942.9 1.7 21
ZH 1000 47.73 0.0144 0.4133 13.13 35.4 99.7 19.0 947.8 1.3 11
ZI 1000 48.51 0.0192 0.7155 15.47 26.6 99.6 21.0 958.6 1.3 21
ZJ 1050 47.95 0.0010 0.5518 17.75 487.0 99.7 23.2 950.6 1.4 11
ZK 1050 49.17 0.0014 0.6975 21.64 358.9 99.6 25.9 968.8 1.4 21
ZL 1100 48.21 -0.0240 0.7435 27.36       - 99.5 29.2 953.6 1.5 11
ZM 1100 49.95 0.0032 0.7427 32.16 161.4 99.6 33.1 980.5 1.3 21
ZN 1100 51.86 0.0091 0.9476 55.91 55.9 99.5 39.4 1008.5 1.5 67
ZO 1100 53.14 0.0152 1.287 49.50 33.6 99.3 44.8 1026.2 1.5 128
ZP 1100 53.44 0.0137 1.976 49.74 37.3 98.9 50.0 1027.7 1.7 246
ZQ 1120 51.93 0.0154 1.209 123.8 33.1 99.3 62.1 1008.4 2.9 215
ZR 1120 53.71 -0.0013 1.527 90.2       - 99.2 70.2 1033.6 1.6 355
ZS 1200 53.26 0.0009 0.7990 27.09 592.6 99.6 72.5 1030.0 1.5 5
ZU 1300 53.93 -0.0019 0.9225 247.4       - 99.5 91.7 1039.4 2.0 6
ZV 1400 55.22 0.0031 1.312 43.59 164.0 99.3 94.8 1056.7 1.5 6
ZW 1685 54.52 0.0055 1.199 77.6 92.6 99.4 100.0 1047.0 1.6 5
Integrated age ± 1s n=48 1016.6 992.0 1.4
252
ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
TUI-1 K-feldspar, B:11:140 , 2.60 mg,  J=0.0144952, D=1.00712±0.00131, NM-140,  Lab#=52435-01
A 450 1315.5 -0.1268 37.68 1.981       - 99.2 0.2 5461.9 7.2 10
B 450 36.06 0.8018 4.907 0.898 0.64 96.2 0.3 743.6 4.9 20
C 450 26.74 0.6700 3.835 0.712 0.76 96.0 0.4 577.3 5.6 29
D 450 31.53 -0.2209 4.232 0.859       - 96.0 0.5 663.6 4.5 45
E 500 36.37 0.0266 0.4007 1.275 19.1 99.7 0.7 770.9 3.5 10
F 500 16.38 0.3610 1.157 1.567 1.4 98.1 0.8 382.0 2.9 20
G 500 18.58 0.1759 2.384 1.575 2.9 96.3 1.0 420.7 2.6 29
H 500 15.71 0.1325 5.020 1.813 3.8 90.6 1.2 342.1 2.6 45
I 550 25.82 0.2798 1.875 2.474 1.8 97.9 1.5 569.9 2.3 10
J 550 16.12 0.1782 1.215 2.882 2.9 97.9 1.8 375.7 1.7 20
K 550 14.69 0.0009 0.8958 2.519 576.7 98.2 2.1 346.3 1.9 29
L 550 16.87 0.0059 2.472 2.402 87.0 95.7 2.4 383.4 2.0 45
M 600 26.55 0.1945 1.781 2.321 2.6 98.1 2.7 584.5 2.0 10
N 600 19.38 0.1406 0.9812 2.332 3.6 98.6 2.9 445.9 1.9 20
O 600 20.93 0.1666 1.083 2.021 3.1 98.5 3.2 477.2 2.5 28
P 600 23.12 -0.0993 1.644 2.147       - 97.9 3.4 517.5 2.5 45
Q 650 33.80 0.0886 1.193 2.281 5.8 99.0 3.7 721.7 2.3 10
R 650 27.96 0.0644 0.8116 2.792 7.9 99.2 4.0 616.6 1.9 20
S 650 27.37 -0.0313 1.170 2.710       - 98.7 4.3 603.1 2.2 29
T 700 35.71 0.0582 1.116 4.420 8.8 99.1 4.8 755.7 1.6 10
U 700 29.82 0.3008 0.6186 4.800 1.7 99.5 5.3 652.9 2.0 20
V 700 30.23 0.0399 0.7678 4.812 12.8 99.3 5.8 659.1 1.7 29
W 750 34.79 -0.0252 0.3931 6.96       - 99.7 6.6 743.1 1.5 11
X 750 30.74 0.0281 0.4100 8.23 18.1 99.6 7.5 670.3 1.3 21
Y 750 30.48 -0.0133 0.3814 8.15       - 99.6 8.4 665.8 1.3 29
Z 800 32.18 0.0595 0.2626 9.53 8.6 99.8 9.4 697.5 1.5 11
ZA 800 30.19 0.0290 0.4256 11.77 17.6 99.6 10.7 660.2 1.1 21
ZB 850 32.71 -0.0045 0.3008 18.07       - 99.7 12.6 706.7 1.1 11
ZC 850 30.51 -0.0204 0.0768 21.03       - 99.9 14.8 667.8 1.1 21
ZD 900 31.46 0.0134 0.2670 28.10 37.9 99.8 17.7 684.23 0.96 11
ZE 900 31.06 0.0048 0.1610 32.08 105.4 99.8 21.0 677.6 1.1 21
ZF 950 32.23 -0.0099 0.1640 39.84       - 99.8 24.9 698.69 0.93 11
ZG 950 31.72 0.0050 0.1320 46.10 102.2 99.9 29.3 689.7 1.0 21
ZH 1000 32.41 0.0012 0.1506 56.34 436.9 99.9 34.5 702.1 1.3 11
ZI 1000 32.42 0.0091 0.1172 67.1 55.9 99.9 40.4 702.5 1.2 21
ZJ 1050 33.09 0.0015 0.1793 86.2 343.6 99.8 47.6 714.2 1.1 11
ZK 1050 33.71 0.0033 0.1134 110.3 157.0 99.9 56.3 725.6 1.1 21
ZL 1100 34.56 0.0131 0.1381 61.3 39.0 99.9 60.9 740.5 1.0 11
ZM 1100 34.79 0.0032 0.1528 69.2 161.4 99.9 65.9 744.5 1.2 21
ZN 1100 35.39 0.0113 0.2406 89.5 45.1 99.8 72.0 754.6 1.4 65
ZO 1100 36.58 0.0024 0.4734 68.4 213.0 99.6 76.5 774.1 1.3 123
ZP 1100 38.44 -0.0029 0.7806 61.7       - 99.4 80.4 804.6 1.3 246
ZQ 1200 39.17 0.0919 0.1599 10.09 5.6 99.9 81.0 820.1 1.5 5
ZR 1300 37.75 -0.0035 0.1682 174.3       - 99.9 91.2 795.7 1.7 6
ZS 1400 39.69 0.0143 0.2421 93.9 35.7 99.8 96.3 828.3 1.4 6
ZT 1690 38.95 0.0185 0.5928 70.6 27.5 99.6 100.0 814.1 1.3 5
Integrated age ± 1s n=46 1300.4 776.9 1.1
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ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T01-RR-1 K-feldspar, C:7:140 , 1.88 mg,  J=0.0143466, D=1.00712±0.00131, NM-140,  Lab#=52440-01
A 450 572.5 -0.0760 61.69 1.430       - 96.8 0.2 4002.6 9.3 10
B 450 25.83 -0.1535 5.679 0.792       - 93.5 0.3 542.7 5.5 20
C 450 19.11 0.0102 4.237 0.814 49.9 93.4 0.5 416.2 5.5 29
D 450 15.88 0.4232 2.552 1.028 1.2 95.5 0.6 359.1 3.7 45
E 500 16.10 -0.2350 0.4407 1.649       - 99.1 0.9 375.9 2.6 10
F 500 15.60 -0.0760 0.1249 2.649       - 99.7 1.3 367.5 1.8 20
G 500 12.69 -0.0550 -0.1015 3.058       - 100.2 1.8 305.5 1.4 29
H 500 12.25 -0.1187 0.8262 4.159       - 97.9 2.4 289.6 1.1 45
I 550 16.07 -0.0538 0.8045 5.544       - 98.5 3.3 373.2 1.1 10
J 550 12.52 -0.0688 0.0595 7.56       - 99.8 4.4 300.68 0.88 20
K 550 13.22 -0.0285 0.2097 7.60       - 99.5 5.6 315.26 0.99 29
L 550 14.22 -0.0191 0.5401 8.61       - 98.9 6.8 335.09 0.78 45
M 600 18.78 -0.0857 1.238 8.02       - 98.0 8.0 427.51 0.99 10
N 600 17.17 -0.0610 -0.0423 9.64       - 100.0 9.4 401.8 1.1 20
O 600 18.54 -0.0180 0.1536 9.43       - 99.7 10.8 429.21 0.97 28
P 600 19.82 -0.0223 0.1496 10.56       - 99.8 12.3 455.70 0.90 45
Q 650 23.59 -0.0411 1.282 9.21       - 98.4 13.7 524.4 1.1 10
R 650 21.94 0.0112 0.0024 11.46 45.4 100.0 15.3 499.38 0.83 20
S 650 22.81 -0.0703 0.1080 11.07       - 99.8 16.8 515.87 0.98 29
T 700 24.68 -0.0440 0.4623 12.88       - 99.4 18.6 550.46 0.93 10
U 700 24.24 -0.0264 0.0501 13.34       - 99.9 20.4 544.25 0.99 20
V 700 24.92 -0.0085 0.1781 11.18       - 99.8 21.9 556.7 1.0 29
W 750 26.57 -0.0412 0.4710 11.50       - 99.5 23.5 586.6 1.0 11
X 750 25.01 -0.0065 -0.0078 11.52       - 100.0 25.0 559.6 1.1 21
Y 750 24.81 -0.0796 0.1524 9.88       - 99.8 26.3 554.61 0.92 29
Z 800 24.87 -0.0498 0.3332 10.06       - 99.6 27.6 554.9 1.1 11
ZA 800 23.94 -0.0767 0.0625 11.63       - 99.9 29.0 538.3 1.3 21
ZB 850 24.78 -0.0119 0.5585 15.40       - 99.3 31.0 551.9 1.3 11
ZC 850 22.59 -0.0292 0.2219 15.71       - 99.7 32.9 510.87 0.94 21
ZD 900 23.00 -0.0258 0.7442 17.85       - 99.0 35.1 515.85 0.88 11
ZE 900 21.67 -0.0436 0.2034 17.96       - 99.7 37.3 492.56 0.93 21
ZF 950 22.19 -0.0045 0.3698 19.43       - 99.5 39.6 502.13 0.83 11
ZG 950 21.28 -0.0448 0.2360 17.93       - 99.7 41.7 484.56 0.93 21
ZH 1000 21.21 0.0049 0.3132 18.83 104.5 99.6 43.8 482.96 0.89 11
ZI 1000 21.02 0.0122 0.4541 20.78 41.8 99.4 46.2 478.28 0.80 21
ZJ 1050 21.57 -0.0136 0.4762 25.69       - 99.3 49.0 489.02 0.80 11
ZK 1050 21.68 -0.0166 0.4519 27.89       - 99.4 52.0 491.40 0.82 21
ZL 1100 22.54 0.0093 0.4551 28.15 54.9 99.4 55.0 508.58 0.81 11
ZM 1100 23.36 0.0031 0.2704 30.57 163.8 99.7 58.1 525.90 0.84 21
ZN 1100 24.37 -0.0061 0.4452 49.41       - 99.5 63.0 544.6 1.1 63
ZO 1100 25.11 -0.0092 0.6172 44.59       - 99.3 67.3 557.87 0.97 115
ZP 1100 24.88 0.0030 0.8406 70.0 172.5 99.0 73.7 552.22 0.85 235
ZQ 1200 24.32 -0.0117 0.3463 19.37       - 99.6 75.4 544.08 0.99 5
ZR 1300 25.61 0.0018 0.3668 201.1 289.8 99.6 91.7 569.0 1.0 6
ZS 1400 27.96 0.0040 0.2433 78.3 128.2 99.7 97.4 614.3 1.0 6
ZT 1690 27.92 0.0045 0.7516 36.80 112.9 99.2 100.0 610.64 0.93 6
Integrated age ± 1s n=46 962.1 K2O=13.70 % 550.12 0.83
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ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T01-RR-5f K-feldspar, C:11:140, 5.53 mg,  J=0.0145535, D=1.00712±0.00131, NM-140,  Lab#=52443-01
A 450 716.2 0.1365 109.4 4.967 3.7 95.5 0.3 4371.1 4.8 10
B 450 49.12 -0.0015 8.293 2.127       - 95.0 0.4 946.2 3.2 20
C 450 37.98 0.1156 6.287 1.986 4.4 95.1 0.5 771.3 2.8 28
D 450 30.45 -0.0149 5.653 2.204       - 94.5 0.6 638.4 2.6 45
E 500 41.84 -0.1782 3.324 2.919       - 97.6 0.8 851.5 2.4 10
F 500 22.00 -0.0278 1.477 3.760       - 98.0 1.0 498.0 1.5 20
G 500 16.62 0.0638 1.982 3.727 8.0 96.5 1.2 382.7 1.6 28
H 500 16.66 -0.1052 1.361 4.583       - 97.5 1.4 387.1 1.4 45
I 550 28.85 0.0169 2.553 6.56 30.2 97.4 1.8 625.7 1.3 10
J 550 16.68 0.0548 0.5268 8.96 9.3 99.1 2.2 393.15 0.95 20
K 550 18.16 -0.0130 0.7422 9.96       - 98.8 2.8 423.09 0.94 28
L 550 15.56 0.0169 0.4851 11.95 30.2 99.1 3.4 369.20 0.74 45
M 600 28.46 0.0573 0.8990 14.74 8.9 99.1 4.2 627.6 1.0 10
N 600 16.99 0.0064 0.1929 16.64 79.2 99.7 5.0 401.75 0.69 20
O 600 17.20 0.0093 0.2810 19.09 54.6 99.5 6.0 405.69 0.75 28
P 600 17.97 -0.0001 0.2895 25.79       - 99.5 7.4 421.99 0.63 45
Q 650 20.18 0.0129 0.4993 24.91 39.5 99.3 8.6 466.76 0.76 10
R 650 18.24 0.0184 0.0616 34.24 27.8 99.9 10.4 429.09 0.76 20
S 650 17.98 0.0050 0.0837 35.09 101.1 99.9 12.1 423.54 0.64 28
T 700 19.50 -0.0013 0.1836 42.70       - 99.7 14.2 454.61 0.96 10
U 700 19.03 0.0161 0.1236 50.07 31.6 99.8 16.7 445.23 0.83 20
V 700 19.38 0.0219 0.1010 42.45 23.3 99.9 18.7 452.72 0.97 28
W 750 21.24 0.0206 0.1152 41.76 24.8 99.8 20.7 490.76 0.69 10
X 750 20.94 0.0089 0.1260 40.67 57.6 99.8 22.5 484.52 0.68 20
Y 750 22.03 0.0217 0.1529 37.33 23.5 99.8 24.3 506.65 0.89 29
Z 800 24.23 0.0442 0.2643 30.96 11.5 99.7 25.7 549.79 0.85 10
ZA 800 23.84 0.0356 0.1902 31.46 14.3 99.8 27.1 542.4 1.3 20
ZB 850 25.43 0.0731 0.2276 33.71 7.0 99.8 28.6 573.45 0.85 10
ZC 850 25.21 0.0391 0.3034 35.69 13.1 99.7 30.1 568.7 1.2 20
ZD 900 26.94 0.0715 0.3031 38.56 7.1 99.7 31.8 602.16 0.82 10
ZE 900 26.76 0.0287 0.2209 43.85 17.8 99.8 33.7 599.12 0.81 20
ZF 950 28.34 0.0429 0.2416 53.91 11.9 99.8 36.0 628.9 1.2 10
ZG 950 27.90 0.0308 0.1877 58.86 16.5 99.8 38.4 621.0 1.0 21
ZH 1000 29.83 0.0270 0.2687 75.7 18.9 99.7 41.5 656.62 0.96 10
ZI 1000 29.53 0.0221 0.3027 93.0 23.1 99.7 45.1 650.9 1.1 20
ZJ 1050 29.84 0.0181 0.2327 148.7 28.1 99.8 50.8 657.0 1.1 11
ZK 1050 30.79 0.0130 0.2184 214.6 39.1 99.8 58.5 674.5 2.1 21
ZL 1100 31.48 0.0160 0.2612 262.1 32.0 99.8 67.4 687.0 1.5 10
ZM 1100 31.82 0.0318 0.2883 204.3 16.1 99.7 73.8 693.1 1.8 20
ZN 1100 31.83 0.0273 0.2602 254.4 18.7 99.8 81.3 693.4 1.0 62
ZO 1100 32.06 0.0193 0.2936 198.7 26.4 99.7 86.9 697.4 1.5 122
ZP 1100 33.51 0.0210 0.4662 134.0 24.3 99.6 90.5 722.57 0.99 235
ZQ 1200 37.21 0.0194 0.1519 73.8 26.3 99.9 92.4 789.2 1.2 5
ZR 1300 40.07 0.0282 0.1805 142.3 18.1 99.9 96.0 837.8 1.4 6
ZS 1400 40.75 0.0723 0.2903 32.84 7.1 99.8 96.8 848.7 1.2 6
ZT 1690 39.47 0.0199 0.3507 129.9 25.6 99.7 100.0 826.8 1.6 6
Integrated age ± 1s n=46 2780.5 K2O=13.27 % 679.60 0.99
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ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
T01-RR-9f K-feldspar, D:5:140, 5.53 mg,  J=0.0144884, D=1.00712±0.00131, NM-140,  Lab#=52447-01
A 450 3217.7 0.0620 135.5 4.956 8.2 98.8 0.3 7033 10 10
B 450 105.7 -0.5406 19.37 1.830       - 94.5 0.4 1634.1 4.5 20
C 450 102.1 -0.1477 9.880 1.558       - 97.1 0.5 1626.4 4.2 29
D 450 69.76 -0.2731 7.291 1.711       - 96.9 0.5 1246.2 4.1 45
E 500 86.70 -0.2158 6.027 2.650       - 97.9 0.7 1464.3 3.2 10
F 500 44.78 -0.2837 1.638 3.329       - 98.9 0.9 904.6 2.4 20
G 500 38.78 0.0108 3.069 3.273 47.1 97.7 1.1 798.5 2.3 29
H 500 34.96 -0.1528 1.961 4.092       - 98.3 1.3 737.5 2.0 45
I 550 78.92 0.0378 2.822 6.20 13.5 98.9 1.6 1381.7 2.2 10
J 550 30.70 -0.0518 1.139 7.25       - 98.9 2.0 665.3 1.4 20
K 550 23.14 -0.0421 0.9684 7.44       - 98.7 2.4 521.8 1.1 29
L 550 21.17 -0.0185 0.8150 8.90       - 98.9 2.9 483.2 1.2 45
M 600 63.99 0.0120 1.490 13.89 42.5 99.3 3.6 1191.7 2.0 10
N 600 26.16 -0.0187 0.4765 15.61       - 99.5 4.5 583.7 1.0 20
O 600 25.55 -0.0341 0.3001 17.25       - 99.6 5.4 572.9 1.1 28
P 600 24.29 -0.0060 0.3244 21.08       - 99.6 6.5 548.4 1.3 45
Q 650 46.44 -0.0096 0.6526 24.64       - 99.6 7.8 936.2 1.6 10
R 650 24.48 -0.0145 0.1313 27.17       - 99.8 9.2 553.1 1.0 20
S 650 23.63 -0.0154 0.1430 27.56       - 99.8 10.6 536.34 0.81 29
T 700 35.55 0.0167 0.6051 39.33 30.6 99.5 12.5 755.2 1.5 10
U 700 24.55 0.0057 0.1582 41.60 89.2 99.8 14.6 554.4 1.0 20
V 700 23.26 0.0030 0.1286 35.77 168.9 99.8 16.4 529.25 0.80 29
W 750 27.15 -0.0095 0.2578 33.60       - 99.7 18.0 603.8 1.1 9
X 750 23.81 0.0071 0.1923 40.11 72.1 99.8 19.9 539.67 0.87 21
Y 750 23.80 -0.0087 0.1601 31.22       - 99.8 21.4 539.6 1.0 29
Z 800 26.87 0.0027 0.9597 29.34 185.8 98.9 22.8 594.68 0.97 10
ZA 800 24.80 -0.0023 0.5032 30.33       - 99.4 24.2 557.33 0.85 21
ZB 850 27.07 0.0322 1.471 34.12 15.8 98.4 25.8 595.5 1.1 11
ZC 850 25.82 0.0162 0.2710 35.26 31.4 99.7 27.4 578.4 1.1 21
ZD 900 29.87 0.0102 1.035 41.29 50.0 99.0 29.2 650.6 1.0 11
ZE 900 28.22 0.0096 0.3050 44.48 53.0 99.7 31.2 623.92 0.94 21
ZF 950 32.01 0.0203 0.7573 56.94 25.2 99.3 33.6 691.5 1.4 11
ZG 950 30.31 0.0053 0.2218 64.2 96.7 99.8 36.4 663.2 1.0 21
ZH 1000 35.13 0.0168 0.2881 91.0 30.3 99.8 40.2 749.6 1.3 11
ZI 1000 33.18 0.0084 0.2463 109.6 60.8 99.8 44.6 715.2 1.6 21
ZJ 1050 35.86 0.0086 0.2258 171.2 59.4 99.8 51.2 762.5 1.2 11
ZK 1050 35.72 0.0123 0.2684 305.8 41.6 99.8 62.2 759.9 2.5 21
ZL 1100 36.57 0.0167 0.3314 245.4 30.5 99.7 70.3 774.4 1.2 11
ZM 1100 36.00 0.0198 0.5424 164.5 25.8 99.6 75.5 763.3 1.2 21
ZN 1100 37.06 0.0306 0.8656 171.0 16.7 99.3 80.6 780.2 1.4 55
ZO 1100 39.64 0.0352 1.184 157.2 14.5 99.1 85.1 822.6 2.3 115
ZP 1100 43.39 0.0409 1.609 146.5 12.5 98.9 89.1 882.8 2.0 235
ZQ 1200 48.84 0.0267 0.7332 121.4 19.1 99.6 92.3 973.5 2.1 5
ZR 1300 57.03 0.0200 0.3508 105.8 25.5 99.8 95.1 1098.0 1.7 6
ZS 1400 54.61 0.1658 3.193 28.92 3.1 98.3 95.8 1050.5 1.7 6
ZT 1690 59.89 0.0220 0.3365 169.7 23.1 99.8 100.0 1139.1 1.5 6
Integrated age ± 1s n=46 2745.7 K2O=13.16 % 890.0 1.3
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ID Temp 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   
40Ar*      39Ar   Age   ±1s   Time
(°C) (x 10-3)  (x 10-15 mol) (%)   (%)   (Ma)   (Ma)   (min)
Isotopic ratios corrected for blank, radioactive decay, and mass discrimination, not corrected for interferring reactions.
Ages calculated ralative to FC-1 Fish Canyon Tuff sanidine interlaboratory standard at 28.27 Ma.
Errors quoted for individual analyses include analytical error only, without interferring reaction or J uncertainties.
Integrated age calculated by quadradically summing isotopic measurements of all steps.
Integrated age error calculated by quadradically summing errors of isotopic measurements of all steps.
Total decay constants for 40K after Kwo et al. (2003) and isotopic abundances are after Steiger and Jager (1977).
K2O estimated based on 39Ar, sample weight, instrument sensitivity and J-factor.
   D = 1 AMU Discrimination in favor of light isotopes
Correction factors:
NM-140 (Ford reactor, L67)
    (39Ar/37Ar)Ca = 0.00070 ± 0.00005
    (36Ar/37Ar)Ca = 0.00027 ±0.00001
    (40Ar/39Ar)K = 0.021 ± 0.001
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Appendix 4: 
40Ar/39Ar K-feldspar age spectra, Arrhenius data,  
log r/r0 plots and monotonic models for Chapter 4 
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Appendix 5: 
40Ar/39Ar K-feldspar diffusion domain distribution 
 for Chapter 4 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-IL-01f 1 1.447504 8.1884247 46.0 
 2 4.822390 6.7939105 46.0 
 3 7.021034 6.0779924 46.0 
 4 7.905078 5.3665690 46.0 
 5 15.864013 3.8828474 46.0 
 6 32.228657 2.9008719 46.0 
 7 30.711325 2.3000000 46.0 
 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-IL-02f 1 1.566215 9.2354680 46.0 
 2 2.982849 7.8319293 46.0 
 3 2.987496 6.0908679 46.0 
 4 31.444180 3.6553888 46.0 
 5 13.580552 3.6308970 46.0 
 6 6.958804 2.5338113 46.0 
 7 11.461134 2.4665191 46.0 
 8 29.018770 1.7000000 46.0 
 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-IL-03f 1 1.238899 8.1469575 46.0 
 2 1.176381 6.9413770 46.0 
 3 2.293171 6.9332682 46.0 
 4 24.067808 3.6626729 46.0 
 5 26.355799 3.6588266 46.0 
 6 13.437521 2.1278270 46.0 
 7 4.317058 1.9341900 46.0 
 8 27.113363 1.8000000 46.0 
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Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-IL-04f 1 0. 495879 9.8313792 46.0 
 2 1.929375 8.1026232 46.0 
 3 2.189856 6.9966065 46.0 
 4 27.935257 3.6914909 46.0 
 5 16.628260 2.8996285 46.0 
 6 38.577396 2.7827697 46.0 
 7 12.243977 2.1000000 46.0 
 8    
 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-IL-05f 1 0.255849 10.172736 46.0 
 2 1.249351 7.6988194 46.0 
 3 7.360029 6.6537646 46.0 
 4 38.698496 3.5542179 46.0 
 5 52.432631 2.1227845 46.0 
 6 0.003644 2.0000000 46.0 
 7    
 8    
 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-IL-06f 1 0.188866 10.622469 46.0 
 2 0.608842 9.1635515 46.0 
 3 1.298939 8.2861368 46.0 
 4 1.381778 7.4059447 46.0 
 5 36.888898 3.5070857 46.0 
 6 4.076339 1.8515189 46.0 
 7 31.218342 1.8330197 46.0 
 8 24.337996 1.8000000 46.0 
 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-IL-07f 1 1.838458 7.7597737 46.0 
 2 3.152814 6.6015741 46.0 
 3 51.532855 3.7271217 46.0 
 4 15.751332 2.2301224 46.0 
 5 27.724541 1.8000000 46.0 
 6    
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Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-IL-08f 1 0.5 8.9398209 46.0 
 2 3.069088 7.3398209 46.0 
 3 27.878042 3.3511616 46.0 
 4 4.225534 1.4256820 46.0 
 5 4.452580 1.2297978 46.0 
 6 8.831558 1.1572596 46.0 
 7 7.800393 0.61223384 46.0 
 8 8.876868 0.35035495 46.0 
 9 34.365937 -8.4000000 46.0 
 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-IL-09f 1 2.163877 7.0335868 46.0 
 2 6.843128 6.0914527 46.0 
 3 16.054880 3.6955988 46.0 
 4 19.678578 2.9490744 46.0 
 5 12.355951 1.7203121 46.0 
 6 42.903586 0.90000000 46.0 
 7    
 8    
 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-IL-10f 1 1.684113 7.9386393 46.0 
 2 4.529661 6.9895126 46.0 
 3 5.178380 6.3999881 46.0 
 4 14.263851 4.0358726 46.0 
 5 9.532399 4.0238481 46.0 
 6 64.811597 1.8000000 46.0 
 7    
 8    
 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-IL-11f 1 1.214864 9.5158812 46.0 
 2 0.155464 8.3894995 46.0 
 3 2.158969 7.9559324 46.0 
 4 2.069362 5.6086620 46.0 
 5 8.348825 3.8989253 46.0 
 6 83.532151 1.9427416 46.0 
 7 2.520365 1.4000000 46.0 
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Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-IL-12f 1 1.937305 7.8383853 46.0 
 2 5.232904 6.5886043 46.0 
 3 6.819662 5.7421963 46.0 
 4 5.528265 4.9224548 46.0 
 5 31.053629 3.5874408 46.0 
 6 8.918506 2.2879466 46.0 
 7 40.509728 1.6000000 46.0 
 8    
 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-IL-16f 1 4.305849 7.4755622 46.0 
 2 6.373756 6.4082414 46.0 
 3 36.242067 3.5540694 46.0 
 4 48.512784 1.9306018 46.0 
 5 4.565545 1.6000000 46.0 
 6    
 7    
 8    
 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-RR-04f 1 1.526518 8.3216774 46.0 
 2 3.643341 7.2832716 46.0 
 3 4.217324 6.4422717 46.0 
 4 6.126787 5.1593038 46.0 
 5 40.065558 3.6870126 46.0 
 6 12.585499 2.4722244 46.0 
 7 8.142766 2.0670599 46.0 
 8 23.692207 1.6000000 46.0 
 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-RR-05f 1 6.638980 6.6796331 46.0 
 2 6.500112 6.4659675 46.0 
 3 13.168430 3.5028548 46.0 
 4 9.547036 3.5001684 46.0 
 5 5.188440 3.4942261 46.0 
 6 33.509126 3.3692446 46.0 
 7 10.230310 2.2168948 46.0 
 8 15.217567 1.9000000 46.0 
 289
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-RR-06f 1 1.379645 7.3781277 46.0 
 2 4.262161 6.6286005 46.0 
 3 2.008712 6.5027527 46.0 
 4 50.290271 3.3514076 46.0 
 5 8.964223 2.0938109 46.0 
 6 19.159743 2.0363197 46.0 
 7 11.913803 1.8520066 46.0 
 8 2.021442 1.6000000 46.0 
 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-RR-07f 1 1.543844 7.7979876 46.0 
 2 3.532552 6.9902020 46.0 
 3 2.986413 6.9743625 46.0 
 4 2.380015 6.9192288 46.0 
 5 27.902215 3.6427032 46.0 
 6 27.655277 3.6377240 46.0 
 7 17.665114 2.2896029 46.0 
 8 16.334570 1.8000000 46.0 
 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-RR-08f 1 2.695971 7.5114628 46.0 
 2 3.389834 7.4864895 46.0 
 3 57.106781 3.5054497 46.0 
 4 36.685658 2.1367148 46.0 
 5 0.121756 2.0000000 46.0 
 6    
 7    
 8    
 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-RR-09f 1 9.419196 6.7376433 46.0 
 2 20.898285 3.5628137 46.0 
 3 39.903690 3.5601239 46.0 
 4 21.205451 2.2157594 46.0 
 5 8.573379 1.7000000 46.0 
 6    
 7    
 8    
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Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-UI-01f 1 0.980439 8.7929739 46.0 
 2 44.212941 3.7073028 46.0 
 3 8.418711 3.6785393 46.0 
 4 11.532952 2.5920838 46.0 
 5 34.854957 1.7000000 46.0 
 6    
 7    
 8    
 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-UI-02f 1 0.980439 8.7929739 46.0 
 2 44.212941 3.7073028 46.0 
 3 8.418711 3.6785393 46.0 
 4 11.532952 2.5920838 46.0 
 5 34.854957 1.7000000 46.0 
 6    
 7    
 8    
 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-UI-03f 1 1.997307 8.1752181 46.0 
 2 3.227248 7.2441964 46.0 
 3 8.618171 6.3088049 46.0 
 4 4.194120 5.4948438 46.0 
 5 7.846807 5.4655621 46.0 
 6 30.346876 3.7211353 46.0 
 7 11.110879 2.6977376 46.0 
 8 32.658592 1.7000000 46.0 
 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-UI-04f 1 4.120724 7.0797527 46.0 
 2 1.332279 7.0309064 46.0 
 3 23.793116 3.3597398 46.0 
 4 6.725503 3.3515991 46.0 
 5 26.892426 3.3466937 46.0 
 6 37.135952 1.8000000 46.0 
 7    
 8    
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Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-UI-06f 1 4.248986 7.5952133 46.0 
 2 14.797639 6.4249928 46.0 
 3 9.641729 5.5101070 46.0 
 4 12.911611 3.7353292 46.0 
 5 7.087814 3.7289439 46.0 
 6 46.906095 2.6503754 46.0 
 7 4.406126 2.4000000 46.0 
 8    
 
Sample # Diffusion 
domain 
Volume 
Fraction (%) 
r2 Activation 
(E) 
T01-UN-01f 1 3.797611 7.0839895 46.0 
 2 5.670004 7.0839895 46.0 
 3 19.723261 3.2406893 46.0 
 4 31.287175 3.2056855 46.0 
 5 39.521949 1.8000000 46.0 
 6    
 7    
 8    
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Appendix 6: 
Measured sections and sedimentary descriptions 
020
30
10
partial section Bass Formation:  Vishnu Canyon,  east side 
of monocline
sample # notes
algal laminated thin bedded
dolomite with some discontinuous
chert lenses
massive, medium bedded dolomite
with very localized intraclastic
breccia
coarse grained sandstone
Hotouta Member conglomerate
293
020
30
40
50
60
10
70
Bass Formation:  Vishnu Canyon,  west side of monocline
sample # notes
LC16-81-1
Hotouta Member conglomerate
cobbles up to 10 cm
sandstone and siltstone supported
2-3 cm pebble conglomerate
crinkly dolomite
dolomite, micritic, algal laminated 
cherty, wavy laminated dolomite
hematite and quartz cemented
pebbles of qtzite and granite
laminated dolomite
massive dolomite
fine-med sandtone with pebbles and
cobbles (15 cm)
massive, crinkly dolomite
fine sandstone, ripple marks
massive med-sandstone
siltstone to fine sandstone, pebble
lenses
med-coarse sandstone conglomerate
congl. clasts incl. (dolo, qtzite, granite,
phyllite)
coarse sandstone, shale partings
rippled
silstone/shale, veriagated, poorly
exposed
wavy laminated dolomite
med-cs sandstone qtz/hem cement
platy siltstone, ripple marks
med sandstone
wavy laminated dolomite
LC16-81-2
LC16-81-7
LC16-81-8
LC16-81-9
LC16-81-6
LC16-81-5
LC16-81-3
LC16-81-4
LC16-81-10
LC16-81-11
LC16-81-12
LC16-81-13
294
020
30
40
50
60
70
10
Bass Formation:  South Kaibab Trail section
sample # notes
T03-88-1,2,3,
4,5
T03-88-6,7,8,9
T03-88-10,11
T03-88-12
T03-88-13
T03-88-14
T03-88-21
T03-88-20
T03-88-19
T03-88-18
T03-88-17
T03-88-16
T03-88-15
T03-88-22
T03-88-23,24
T03-88-25,26,27
T03-88-28,29,30
T03-88-31
T01-88-5
T01-88-6
T01-88-7
T01-88-8
T01-88-9
T01-88-10a,10b,10c
T01-88-10d
T01-88-11
T01-88-12
T01-88-13
T01-88-14
thin bedded siltstone and fine 
sandstone
planar laminated silty dolomite
algal laminated dolomite
cherty dolomite
massive dolomite, thin bedded
discontinuous chert
thin laminated silty dolomite
X covered
intraclastic siltsone breccia,
breccia contains larger clasts 
(5-10 cm) toward top of unit 
quartzite pebble conglomerate
algal laminated dolomite
black shale
massive dolomite (10 cm)
med grained sandstone 30 cm
epsilon forsets
thin bedded dolomite
mostly covered interval
med-coarse grained sandstone
current ripples
295
020
30
40
50
60
70
10
Bass Formation:  Bright Angel Trail partial section
sample # notes
T03-88-56,57,58,59
T03-88-36
T03-88-37
T03-88-41,42
T03-88-43,44
T03-88-45,46
T03-88-35
T03-88-34a,34b
T03-88-38,39,40
T03-88-53,54,55
T03-88-32,33
coarse to v. coarse arkosic
sandstone
basal regolith of granitic
composition
cherty dolomite
crinkly laminated silty dolomite
intraclastic siltsone breccia,
breccia contains larger clasts 
(5-10 cm) toward top of unit 
quartzite pebble conglomerate
algal laminated dolomite
thin bedded dolomite
T03-88-47,48
T03-88-49,50
T03-88-51,52
finely laminated and ripple
laminated siltstone
numerouse layer-parallel redux-
spots
mostly covered
cherty dolomite
finely laminated dolomite
soft sed. loading on top of unit
gypsiferous black shale
296
020
30
40
50
10
Bass Formation:  Crystal Canyon
m
et
er
s
sample # notes
T02-98-3
T02-98-1
T02-98-2
T02-98-4
T02-98-5
T02-98-6
T02-98-7
interbedded very fine sandstone with
siltstone
<1m thick bedded sandstone
very fine grained sandstone
massive med grained sandstone
mostly covered, siltstone with 
interbedded <1m dolomite beds
thin bedded laminated dolomite
algal laminated dolomite
thin bedded dolomite and lenticular
chert, algal mounds (30 cm)
algal laminated dolomite
thin bedded dolomite and chert
intraclastic breccia, very fine grained
sandstone supported
laminated dolomite
laminated siltstone/mudstone
60
laminated dolomite
297
020
30
40
50
60
70
10
Bass Formation:  east of Bass monocline, Bass Canyon
notes
siltstone unit with thin-bedded
sandstone
crinkly dolomite
possible tephra
possible tephra
possible tephra
possible tephra
massive fine grained sandstone
crinkly dolomite
crinkly dolomite
silty dolomite pinkish hue
algal dolomite
black shale
black shale
silty dolomite
298
70
80
90
notes
interbedded siltstone and shale
laminated dolomite
laminated dolomite
possible tephra
Bass Formation:  east of Bass monocline, Bass Canyon
continued
299
020
30
40
50
60
70
10
Bass Formation:  Bass Canyon,  west side of monocline
notes
med sandstone conglomerate
cherty dolomite
siltstone, bedding from 1mm to 100 cm 
reduction nodules common
cherty dolomite
massive dolomite with cryptal algal laminations
cherty dolomite
dolomite, massive, silty
algal laminated dolomite
possible tephra
dolomite, massive, silty
siltstone interbedded with dolomite
massive dolomite
masssive dolomite, silty
indurated siltstone
300
70
80
90
Bass Formation:  Bass Canyon,  west side of monocline 
continued
notes
well indurated siltstone
massive, well indurated, silty dolomite, siltstone
partings, mudcracks
301
020
30
40
50
60
10
sample # notes
Bass Formation:  GallowayCreek
diabase
302
Massive algal laminated dolomite with
interbedded siltstone-med sandstone
poorly exposed section
cherty dolomite
<0.5 m thick coarse sandstone
wavy algal laminated dolomite
algal dolomite
interbedded black silty shale, maroon color
mottleed; some hornfels
silty-shale with concretions of chert
interbedded fine sandstone and black shale
hornfels
interbedded platy black shale with brown
siltstone; minor 2 cm fine sandstone beds
fissile green siltstone/shale
maroon shale with mudcracks
massive dolostone
tan dolomite
recrystallized dolomiteLC-16-132-3,4,5,
6 collected for
ash in this 
section
LC-16-132-1
LC-16-132-2
 303
Appendix 7: 
Petrology of the Unkar Group 
 
Hakatai Shale LC-15-77-3
558
229
82
12
65
5
37
1
Near the top of the Hakatai Shale
304
4-25-01
22
18
7 mafic igneous lithics
clasts of clay grains/ hematite cemented
Shinumo LC-16-76-4
330
287
3 lineated qtz grains
30
near base of the Shinumo Sandstone-2 m above Hakatai Shale
ML-FU qtz arenite; rounded - well rounded, well sorted, quartz 
cement + minor hematite cement
305
10
Shinumo LC02-75-1
613
478
1 lineated qtz grains
8
near base of the Shinumo Sandstone
306
103
4-11-03
14
5
4
Shinumo K00-75-1A
769
496
22 lineated qtz grains
122
Shinumo Sandstone within the soft sed def zone
307
25
4-12-01
36
3
43
9
4
6 accessory minerals (opaques)
6
2
1
Shinumo orthoquartzarenite.  Detrital grains spherica and well rounded, very well
sorted, occasional chert, meta quartzite clasts, some muscovite
Shinumo K00-75-1B
771
545
14
126
Shinumo Sandstone within the soft sed def zone
308
30
4-13-01
12
6
28
3
5 accessory minerals (opaques)
2
Shinumo orthoquartzarenite.  Detrital grains spherica and well rounded, very well
sorted, occasional chert, meta quartzite clasts, some muscovite
Escalante Ck T02-74-2
325
149
5
4
Escalante Ck Mbr 20 m above base
309
25
4-13-01
2
81
5 accessory minerals (opaques)
2
FU- Arkosic sandstone, well sorted
57
Escalante Ck LC-16-75-1A
316
184
3
21
lower Escalante Ck Mbr
310
15
50
5 accessory minerals (opaques)
1
FL-FU- Arkosic sandstone, well sorted, sub rounded
23
1
1
2
2
1
12
Escalante Ck LC-16-75-11
300
212
49
lower Escalante Ck Mbr to Shinumo Sandstone
311
25
FU-ML- Arkosic sandstone, well sorted, well rounded, qtz cemented
12
Solomon T. T02-66-3
321
138
6
upper Solomon Temple Mbr at 19.2 m in 'espejo' section
312
79
vFU- hematitic sandstone, well sorted, poorly rounded, 
3
43
3
1
6
21
21
Solomon T. LC-15-71-1
750
350
114
fine sandstone Solomon Temple Mbr Cardenas Creek
313
130
vFU- hematitic sandstone, well sorted, poorly rounded, 
7
7
3
2
102
27
4-15-01
7
1 zircon
1
Solomon T. LC-15-71-2
750
321
116
fine sandstone Solomon Temple Mbr Cardenas Creek
314
119
vFU- hematitic sandstone, well sorted, poorly rounded, 
13
12
3
2
99
37
4-16-01
10
1 zircon
14
4
altered grains
2
